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Preface to fourth edition 


‘Some thirty years ago a well-known electrical engineer was ordered 

by his physician to take a complete rest. During this period, as a 
diversion, he began to study transmission-line calculations. Out of 
that came, in 1922, a book that was quickly recognized as a classic on 
the subject because it was simple, practical, useful. The man was 
William Nesbit; the book, ‘‘Electrical Characteristics of Transmis- 
sion Circuits.” 

In the two succeeding decades power-transmission systems grew 
tremendously in complexity. Voltages were doubled, longer lines 
were built, interconnections became more extensive, knowledge of 
how to protect against lightning was greatly increased, and new 
methods of calculating performances were adopted. With all this 
grew the need for a new book on transmission lines, one of broader 
scope that would meet the new conditions, but retain the entirely 
practical viewpoint of its predecessor. Fourteen men, all connected 
with the Central Station Engineering Group of the Westinghouse 
Electric Corporation, undertook to produce such a book. All of these 
men worked daily on actual problems such as are considered here. 
With this background of experience and with the reputation of the 
Nesbit book as inspiration, they presented in January, 1942 the first 

~ edition of a book which they hoped would be useful to all concerned 
with electric-power transmission as a practical reference book, helpful 
in solving everyday problems. 

In 1943 a second edition was brought out in which two chapters 
that discussed the general features of the electrical distribution 
problem were added at the end of the book. The third edition differed 
from the second edition only in that the two chapters were introduced 
just before the appendix. 

A fourth and completely rewritten edition is presented herewith. 
It contains essentially the material of the previous three editions, 
sometimes with new authors, and three new chapters—Excitation 
Systems, Application of Capacitors to Power Systems, and Power 
Line Carrier Application. As before, all of the authors are from the 


Central Station Section or are closely associated with it. As was the 
case with previous editions, this one also bears the imprint of two 
outstanding engineers, who contributed so much to the transmission 
of power, Dr. Charles L. Fortescue and Mr. Robert D. Evans. The 
latter, before his recent death, was one of the active participants in 
the previous editions. The name or names of the original authors 
and the revising authors appear at the head of each chapter. 

To conform to the original standards regarding the sign of reac- 
tive power, the authors in the first edition of this book found it 
necessary to change the curves and discussions from what they had 
used in their previous publications. With the recent change in the 
standards, the sign has again been changed so that the curves and 
discussions now use lagging kvar as positive. 

The material presented here is naturally the results of research 
and investigations by many engineers. It is not feasible to list here 
the names of the companies and individuals whose work has been 
summarized. These acknowledgments are given in the individual 
chapters. Much of the material used has been the result of cooperative 
studies of mutual problems with engineers of electric-power com- 
panies, the conductor and cable manufacturers, and the communica- 
tion companies. The authors gratefully acknowledge the hearty 
cooperation of those engineers whose work has assisted in the prepara- 
tion of this book. The title page photograph is reproduced by per- 
mission of the Bureau of Reclamation, Grand Coulee, Washington. 
The acknowledgments would be incomplete without giving recogni- 
tion to the fine cooperation of the editorial staff of the Westinghouse 
ENGINEER, in reviewing the material and making many helpful 
suggestions to the authors and to Mr. Raymond W. Ferguson, who 
assisted in editing the material. 

A. C. MONTEITH 

Vice President in Charge of Engineering 
C. F. WAGNER 

Consulting Engineer 


September 1, 1950 
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CHAPTER 1 
GENERAL CONSIDERATIONS OF TRANSMISSION 


Original Author: 
C. A. Powel 


HROUGH discovery, invention, and engineering ap- 

| plication, the engineer has made electricity of con- 
tinually greater use to mankind. The invention of 

the dynamo first made engine power many times more 
effective in relieving the toil and increasing the opportu- 
nities and comforts not only of industry but also of the 
home. Its scope, however, was limited to relatively short 
distances from the power station because of the low voltage 
of the distribution circuits. This limitation, for economic 
reasons, kept the general use of electricity confined to city 
areas where a number of customers could be served from 
the same power station. The next step in the development 
of the present-day electric systems was the invention of the 
transformer. This invention was revolutionary in its effect 
on the electric industry because it made high voltage and 
long transmission distances possible, thus placing the 
engine power, through the medium of the alternating- 
current generator, at the doorstep of practically everyone. 
The first alternating current system in America using 
transformers was put in operation at Great Barrington in 
Massachusetts in 1886. Mr. William Stanley, Westing- 
house electrical expert who was responsible for the installa- 
tion, gives an account of the plant, part of which reads: 


“Before leaving Pittsburgh I designed several induction coils, 
or transformers as we now call them, for parallel connection. 
The original was designed in the early summer of 1885 and 
wound for 500 volts primary and 100 volts secondary emf. 
Several other coils were constructed for experimental purposes. 

‘At the north end of the village of Great Barrington was an old 
deserted rubber mill which I leased for a trifling sum and erected 
in it a 25 hp boiler and engine that I purchased for the purpose. 
After what seemed an interminable delay I at last installed the 
Siemens alternator that Mr. Westinghouse had imported from 
London. It was wound to furnish 12 amperes of current with a 
maximum of 500 volts. In the meantime I had started the con- 
struction of a number of transformers in the laboratory and en- 
gaged a young man to canvass the town of Great Barrington for 
light customers. We built in all at Great Barrington 26 trans- 
formers, 10 of which were sent to Pittsburgh to be used in a 
demonstration plant between the Union Switch and Signal Com- 
pany’s factory* and East Liberty. 

“We installed in the town plant at Great Barrington two 50- 
light and four 25-light transformers, the remainder being used in 
the laboratory for experimental work. The transformers in the 
village lit 13 stores, 2 hotels, 2 doctors’ offices, one barber shop, 
and the telephone and post offices. The length of the line from 
the laboratory to the center of the town was about 4000 feet.” 


Our central-station industry today is, for all practical 
purposes, entirely alternating current. It can, therefore, 
be said to have grown from the small beginning at Great 

*About two miles. 


Revised by: 
C. A. Powel 


Barrington to its present size involving as it does a capital- 
ization in the privately-owned power companies of some 
17 billion dollars with an annual revenue of 4 billion dollars. 

The growth since the beginning of this century in in- 
stalled generating capacity of all electric power plants 
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Fig. 1—(a) Gaulard and Gibbs transformer for which George 

Westinghouse had secured all rights in the United States. 

(b) First transformer designed by William Stanley. The proto- 

type of all transformers since built, it definitely established 

the commercial feasibility of the alternating-current system, 
1884-1886. 


contributing to the public supply has been from about 14 
million kilowatts to 55 million kilowatts in 1948. Of this 
55 million kilowatts the privately-owned utilities account- 
ed for 44 million kilowatts and government-owned utilities 
for 11 million kilowatts divided equally between the 
federal government and local governments. Thus, 80 
percent of the generating capacity of the country is pri- 
vately owned and 20 per cent government owned. 

With this 55 million kilowatts of generating capacity, 
282 billion kilowatt-hours, divided 228 billion kilowatt- 
hours by privately-owned generation and 54 billion public, 
were generated in 1948. The average use of the installed 
capacity for the country as a whole was, therefore, 


282 000 
55 


country as a whole = 58.5 percent. 

This capacity factor of 58.5 percent is generally con- 
ceded as being too high. It does not allow sufficient margin 
to provide adequate spare capacity for maintenance and 
repairs. Fig. 2 illustrates how the spare and reserve 
capacity has shrunk in the past few years. A ratio of 
installed capacity to peak load of 1.15 to 1.20 is considered 
necessary to provide @ safe margin for emergencies. Such 
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Fig. 2—Trend in production of electricity, installed capacity, 
and sum of peak demands. 
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a@ margin in 1948 would have given a capacity-factor of 
about 53 percent, instead of 58.5 percent. 
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The average cost of all electricity used for residential 
service has shown a steady downward trend since 1925 
from 7 cents per kilowatt-hour to 3 cents in 1948. This is 
all the more remarkable as since 1939 all other items mak- 
ing up the cost-of-living index have shown increases rang- 
ing from 10 percent (for rents) to 121 percent (for food), 
the average increase of all items being 69 percent. The 
revenue from sales to residential customcrs aecounts for 
about 36 percent of the total utility revenue; to large 
power customers about 29 percent; to small light and 
power customers 27 percent, and to miscellaneous cus- 
tomers (railroads, street lighting, etc.) 8 percent. 


1. Sources of Energy 


The sources of energy for large-scale generation of elec- 
tricity are: 

1. Steam, from (a) coal, (b) oil, or (c) natural gas 

2. Water (hydro-electric) 

3. Diesel power from oil 

Other possible sources of energy are direct solar heat, 
windpower, tidal power, shale oil, and atomic energy, but 
none of these as yet has gone beyond the pilot-plant stage, 
for the reason that coal and petroleum are still abundantly 
available. But as fossil fuels become scarcer and more 
expensive, there is every reason to believe that all of these, 
as well as petroleum manufactured from vegetable matter, 
may become useful and economical supplementary sources 
of energy. 

The estimated reserves of coal and lignite in the United 
States are about 3000 billion tons. This constitutes almost 
99 percent of the mineral fuel energy reserves of the 
country; oil shale, petroleum and natural gas amounting 
to little more than 1 percent.! 

By far the greater part of the electric energy generated 
in this country is obtained from fuel, the 55 million kilo- 


TABLE 1—PREFERRED STANDARDS FOR LARGE 3600-RPM 3-PHASE 60-CYCLE CONDENSING 
STEAM TURBINE-GENERATORS 


Air-Cooled Hydrogen-Cooled Generators 
Generator Rated for 0.5 Psig Hydrogen Pressure 
Turbine-generator rating, kw 11500 15000 20000 30000 40.000 60000 90 000* 
Turbine capability, kw 12650 16500 22000 33000 44.000 66000 99 000 
Generator rating, kva 13529 17647 23529 35294 47 058 70588 105 882 
power factor 0.85 0.85 + 0.85 0.85 0.85 0.85 0.85 
short-circuit ratio 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Throttle pressure, psig 600 850 850 850 {850\orf1250| /850\or{1250) {1450} or/ 1450) ** 
Throttle temperature, F 825 900 900 900  \900/ \ 950/ \900/ \ 950/ \1000{ \1000/ 
Reheat temperature, F ee ane ae ee is fet. 1000 
Number of extraction openings 4 4 4 5 5 5 5 5 
Saturation temperatures at Ist 175 175 175 175 175 175 180 175 

openings at “‘turbine-gen- 2nd 235 235 235 235 235 235 245 240 

erator rating’’ with all ex- 3rd 285 285 285 285 285 285 305 300 

traction openings in serv- 4th; ~ 350 350 350 350 350 350 380 370 

ice, F 5th on cae ee 410. 410 410 440 440 
Ixhaust pressure, inches Hg abs 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Generator capability at 0.85 power factor and 

15 psig hydrogen pressure, kva 20394 27058 40588 5ALLT 31176 121764 
Generator capability at 0.85 power factor and : 

30 psig hydrogen pressure, kva 132353 


*A 10 percent pressure drop is assumed between the high pressure turbine exhaust and low pressure turbine inlet for the reheat machine. 
**These are two different units; the first for regenerative cycle operation, and the second a machine for reheat cycle operation, 
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Fig. 3—The first central-station turbo-alternator installation 

in the United States—a 2000-kw turbine coupled to a 60-cycle 

generator, 2000 kw, 2400 volts, two-phase, 1200 rpm—at the 

Hartford Electric Light Company, Hartford, Connecticut, 

1900. This turbine was about four times as large as any one 

built before that time and caused much comment the world 
over. 


watts of installed capacity being made up of approximately 
38 million kilowatts of steam turbines and one million 
kilowatts of diesel engines. Approximately 16 million kilo- 
watts of the installed capacity are in hydro-electric stations. 
Of the 282 billion kilowatt-hours generated by all means 
in 1948, roughly 200 billion came from fuel; 76 percent 
from coal, 14 percent from natural gas, and 10 percent 
from oil. 


2. Development of Steam Power 


The modern steam-electric station can be dated from the 
installation by the Hartford Electric Company in 1900 of 
a 2000-kw unit (Fig. 3) which at that time was a large 
machine. Progress in design and efficiency from then on 
has been continuous and rapid. In 1925 the public utilities 
consumed in their fuel-burning plants an average of 2 
pounds of coal (or coal equivalent) per kilowatt-hour, 
whereas today the corresponding figure is 1.3 pounds per 
kilowatt-hour. This average figure has not changed mate- 
rially in the last 10 years. It would appear that the coal 
consumption curve is approaching an asymptote and that 
a much better overall performance is not to be expected, 
even though the best base-load stations generate power 
for less than one pound of coal per kilowatt-hour. The 
very high efficiency in the best base-load stations is 
obtained at a considerable increase in investment. It can- 
not be economically carried over to the system as a whole 
for the reason that there must be some idle or partly idle 
capacity on the system to allow for peaks (seasonal and 
daily), cleaning, adjustments, overhaul, and repairs. How 
much one can afford to spend for the improvement of sta- 
tion efficiency above “normal’’ depends on the shape of 
the system load curve, the role of the station in that curve, 
and the cost of fuel. 

Most of the credit for the improvement in steam con- 
sumption goes to the boiler and turbine manufacturers 
who through continuous betterment of designs and ma- 
terials have been able to raise steam pressures and tempera- 
tures. Between 1925 and 1942 the maximum throttle pres- 
sure was raised from 1000 psi to 2400 psi and the average 
from 350 to 1000 psi. In the same period the throttle tem- 
perature was raised from 725 to 1000 degrees F. and the 
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Fig. 4—Progress in turbine generator design. 


average from 675 to 910 degrees. Generator losses in the 
meantime have been greatly reduced from about 6 percent 
in 1900 to 2 percent today, but these losses never did form 
a large part of the total, and their influence on the overall 
performance of the station has been minor. 

The increase in maximum size of 60-cycle, two-and four- 
pole generating units over the years since 1900 is shown in 
Fig. 4. The remarkable increase has been due to improved 
materials and designs, particularly in large forgings, tur- 
bine blading, and generator ventilation. 

In 1945 the American Society of Mechanical Engineers 
and the American Institute of Electrical Engineers adopted 
standard ratings for turbine-generator units. These were 
revised in November 1950 to include the 90 000 kw unit 
and are listed in Table 1. The machines are designed to 
meet their rating with 0.5 psi hydrogen pressure, but ex- 
perience has shown that between 0.5 and 15 psi the output 
of the generator can be increased one percent for each 
pound increase in the gas pressure without exceeding the 
temperature rise guarantee at atmospheric pressure. In 
many locations operation at more than 15 psi gas pressure 
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may be difficult because of codes regulating operation of 
“unfired pressure vessels” at greater pressures, but serious 
consideration is being given to operation at 30 lbs. 

For a hydrogen-air mixture to be explosive, the per- 
centage of hydrogen must lie between 5 and 75 percent. 
The control equipment is designed to operate an alarm if 
the purity of the hydrogen drops below 95 percent. The 
density meter and alarm system is in principle a small 
constant-speed fan circulating a sample of the mixture. 
If the density varies, the drop of pressure across the fan 
varies and registers on the meter. 


3. Development of Water Power 


The great transmission systems of this country received 
their impetus as a result of hydro-electric developments. 
Forty years ago conditions favored such developments, 
and in the early years of this century water-power plants 
costing $150 per kilowatt or less were common. Steam 
stations were relatively high in first cost and coal consump- 
tion per kilowatt hour was three times as much as to- 
day, and finally fuel oil was not readily available. As 
undeveloped water-power sites became economically less 
desirable, steam stations less costly and their efficiency 
higher, and as oil fuel and natural gas became more gen- 
erally available through pipe lines, steam stations rapidly 
outgrew hydro-electric stations in number and capacity. 
Today very few water-power sites can be developed at 
such low cost as to be competitive with steam stations in 
economic energy production. For this reason hydro- 
electric developments of recent years have almost all 
been undertaken by Government agencies, which are in a 
position to include in the projects other considerations, 
such as, navigation, flood control, irrigation, conserva- 
tion of resources, giving them great social value. 

As the water-power developments within easy reach of 
the load centers were utilized and it became necessary to 
reach to greater distances for water power, only large 
developments could be considered, and stations of less 
than 100 000 kw became the exception rather than the 
rule, as witness Conowingo with 252 000 kw, Diablo with 
135 000 kw, Fifteen Mile Falls with 140000 kw, Osage 
with 200 000 kw, and many others. The developments 
of recent years undertaken by various government agen- 
cies have reached gigantic proportions, as for example 
Hoover Dam with 1000000 and Grand Coulee with 
2 000 000 kw installed capacity. 


A natural corollary to the increase in station capacity 


has been a gradual increase in the size of the individual 
generator units, the growth of which is shown in Fig. 5, 
culminating in the Grand Coulee generators of 120 000 
kw at 120 rpm with an overall diameter of 45 feet. 

Most of the multi-purpose hydraulic developments call 
for large, slow-speed machines. For such conditions verti- 
cal units are used to obtain maximum energy from the 
water passing through the turbine. The rotating parts 
are supported by a thrust bearing which is an integral 
part of the generator. 

Two general types of generator design are used as dis- 
tinguished by the arrangement of the guide and thrust 
bearings. Where the axial length of the generator is 
short in relation to its diameter, the ‘‘umbrella” design 
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is preferred, in which a single combination guide and 
thrust bearing is located below the rotor (Fig. 1, Chapter 
6). Where the axial length of the machines is too great 
an additional guide bearing must be provided. In this 
case the combination thrust and guide bearing is usually 
located above the rotor and the additional guide bearing 
below the rotor. 

The advantages of the umbrella design are (a) reduction 
in overhead room to assemble and dismantle the unit 
during erection and overhaul, and (b) simplicity of the 
single bearing from the standpoint of cooling and mini- 
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Fig. 5—Trend in maximum waterwheel generator ratings. 


mum amount of piping. The design also lends itself 
readily to a totally-enclosed recirculating system of 
ventilation, which keeps dirt out of the machine and facili- 
tates the use of fire-extinguishing equipment. It also re- 
duces heat and noise in the power house. 


4. Combination of Water and Steam Power 


There are very few locations today where an important 
market can be supplied entirely from water power be- 
cause of seasonal variations in river flow, but in most 
cases a saving will be realized from combining water 
power and steam. The saving results from the combina- 
tion of low operating cost of water-power plants with low 
investment cost of steam stations. Moreover, hydro- 
electric units in themselves have certain valuable ad- 
vantages when used in combination with steam units. 
They start more quickly than steam-driven units, pro- 
viding a high degree of standby readiness in emergency. 
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They are well adapted to maintenance of frequency, and 
also to providing wattless energy at times of low water 
flow. And finally, hydro-pondage can be drawn upon to 
relieve steam plants of short-time peaks to save banking 
extra boilers. 

To what extent a water-power site can be developed 
economically involves a thorough investigation of indi- 
vidual cases. An economic balance must be struck be- 
tween the steam and water power to give maximum 
economy. One might install enough generating capacity 
to take care of the maximum flow of the river during a 
short period. The cost per kilowatt installed would be 
low but the use made of the equipment (capacity factor) 
would also be low. Or one might put in only enough gen- 
erating capacity to use the minimum river flow. In this 
case the cost of the development per kilowatt installed 
would be high, but the capacity factor would be high 


CENTS PER KILOWAT T-HOUR 
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Fig. 6—Cost of energy at various capacity factors of steam 
and hydro-electric plants. 


also. Obviously between these two extremes lies an 
optimum value. The ratio of installed water-power ca- 
pacity to the peak load of the system that gives the mini- 
mum annual cost of power supply has been referred to 
as the “economic hydro ratio,” and it can be deter- 
mined without great difficulty for any particular set of con- 
ditions. 

In a paper? presented before the American Society of 
Mechanical Engineers, Irwin and Justin discussed in an 
interesting and graphical manner the importance of 
incremental costs on the economics of any proposed de- 
velopment. Fig. 6, taken from their paper, shows in 
Curve C the capital cost per kilowatt of installation for 
various capacity factors. The costs were segregated in 
items that would be the same regardless of installation 
(land, water rights, dams) and those that vary with the 
amount of installation (power house, machinery, trans- 
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mission). The latter group in this particular study was 
about $70 per kilowatt. 

Curve A gives the total cost of energy per kilowatt 
hour for a modern steam plant costing $95 per kilowatt 
with fixed charges at 12 percent and coal at $4 a ton. 

Curve B gives the total cost of energy from the water- 
power plant having the capital cost indicated in Curve C. 
To obtain such a curve it is necessary to determine the 
amount of energy available at the various capacity fac- 
tors, the assumption being made that all hydro capacity 
installed is firm capacity, that is, that the system load 
can absorb all of the energy generated. 

Curve B shows the typically high cost of hydro-electric 
energy as compared with steam at high capacity factors 
and its low cost at low capacity factors. 


5. Transmission Liability 


In a hydro-electric development the transmission be- 
comes a large factor of expense and in comparing such 
developments with equivalent steam plants, it is necessary 
to include the transmission as a charge against the hydro- 
electric plant. Figures of cost published on the Hoover 
Dam-Los Angeles 287-kv line indicate that this trans- 
mission costs over $90 a kilowatt, and other lines con- 
templated will probably show higher costs. 

Under certain conditions it may be more costly to trans- 
mit electrical energy over wires than to transport the 
equivalent fuel to the steam station. It has been shown? 
that the cost of electric transmission for optimum load 
and voltages can be expressed as a linear function of 
power and distance, as follows: 


For 50% load factor: mills/kw-hr=0.54-+ as 
For 90% load factor: mills/kw-hr = 0.304 °xnrs 


It was also shown that fuel transportation can be ex- 
pressed as a linear function of energy and distance, thus: 


Railroad rates on coal 
$1.20-++53 mills per mile 

Pipe-line rates on crude oil 
$5.00+4 cents per mile per 100 barrels 

For pipe-line rates on natural gas two curves were 
given for estimated minimum and maximum inter- 
ruptible contract rates 
$0 +12 cents per mile per million cubic feet 
$50-+12 cents per mile per million cubic feet 


The authors point out that a comparison between trans- 
mission costs alone for gas, oil, and coal are likely to be 
misleading because there is a wide difference in the costs 
of the fuels at their source. There is also a considerable 
variation in the transportation costs above and below the 
average. 


{Firm Capacity” or “Firm Power” in the case of an individual 
station is the capacity intended to be always available even under 
emergency conditions. “Hydro Firm Capacity” in the case of com- 
bined steam and hydro is the part of the installed capacity that is 
capable of doing the same work on that part of the load curve to 
which it is assigned as could be performend by an alternative steam 
plant. 
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The equivalence between the fuels is given as: 


1 ton of coal... 0.0.0 .0.0.00.0.0.. 25 000 000 BTU 
1 barrel of of}. ......00.000.0 00.0.5. 6 250 000 BTU 
1000 cubic feet of gas............... 1000 000 BTU 


6. Purpose of Transmission 
Transmission lines are essential for three purposes. 


a. To transmit power from a water-power site to a market. 
These may be very long and justified because of the sub- 
sidy aspect connected with the project. 

b. For bulk supply of power to load centers from outlying 
steam stations. These are likely to be relatively short. 

c. For interconnection purposes, that is, for transfer of 
energy from one system to another in case of emergency or 
in response to diversity in system peaks. 

Frequent attempts have been made to set up defini- 
tions of “transmission lines,” “distribution circuits” and 
“substations.” None has proved entirely satisfactory or 
universally applicable, but for the purposes of accounting 
the Federal Power Commission and various state com- 
missions have set up definitions that in essence read: 


A transmission system includes all land, conversion structures 
and equipment at a primary source of supply; lines, switching 
and conversion stations between a generating or receiving point 
and the entrance to a distribution center or wholesale point, all 
lines and equipment whose primary purpose is to augment, inte- 
grate or tie together sources of power supply. 


7. Choice of Frequency 


The standard frequency in North America is 60 cycles 
per second. In most foreign countries it is 50 cycles. As 
a general-purpose distribution frequency 60 cycles has an 
economic advantage over 50 cycles in that it permits a 
maximum speed of 3600 rpm as against 3000 rpm. Where 
a large number of distribution transformers are used a 
considerable economic gain is obtained in that the saving 
in materials of 60-cycle transformers over 50-cycle trans- 
formers may amount to 10 to 15 percent. This is because 
in a transformer the induced voltage is proportional to the 
total flux-linkage and the frequency. The higher the 
frequency, therefore, the smaller the cross-sectional area 
of the core, and the smaller the core the shorter the length 
of the coils. There is a saving, therefore, in both iron and 
copper. 

The only condition under which any frequency other 
than 50 to 60 cycles might be considered for a new project 
would be the case of a long transmission of, say, 500 or 
600 miles. Such long transmission has been discussed in 
connection with remote hydro-electric developments at 
home and abroad, and for these a frequency less than 60 
cycles might be interesting because as the frequency is 
decreased the inductive reactance of the line, 2afL, de- 


creases and the capacitive reactance, increases, 


1 
QrfC’ 
resulting in higher Joad limits, transmission efficiency, and 
better regulation. 

Full advantage of low frequency can be realized, how- 
ever, only where the utilization is at low frequency. If the 
low transmission frequency must be converted to 60 
cycles for utilization, most of the advantage is lost because 
of limitations of terminal conversion equipment. 
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Long-distance direct-current transmission has also been 
considered. It offers advantages that look attractive, but 
present limitations in conversion and inversion equipment 
make the prospect of any application in the near future 
unlikely. 

In many industrial applications, particularly in the 
machine-tool industry, 60 cycles does not permit a high 
enough speed, and frequencies up to 2000 cycles may be 
necessary. Steps are being taken to standardize frequen- 
cies of more than 60 cycles, 


8. Choice of Voltage 


Transmission of alternating-current power over several 
miles dates from 1886 when a line was built at Cerchi, 
Italy, to transmit 150 hp 17 miles at 2000 volts. The 
voltage has progressively increased, as shown in Fig. 7, 
until in 1936 the Hoover Dam-Los Angeles line was put 
in service at 287 kv. This is still the highest operating 
voltage in use in the United States today, but considera- 
tion is being given to higher values. An investigation was 
begun in 1948 at the Tidd Station of the Ohio Power 
Company on an experimental line with voltages up to 
500 kv. 

The cost of transformers, switches, and circuit breakers 
increases rapidly with increasing voltage in the upper 
ranges of transmission voltages. In any investigation in- 
volving voltages above 230 000 volts, therefore, the unit 
cost of power transmitted is subject to the law of diminish- 
ing returns. Furthermore, the increase of the reactance 
of the terminal transformers also tends to counteract the 
gain obtained in the transmission line from the higher 
voltage. There is, therefore, some value of voltage in the 
range being investigated beyond which, under existing cir- 
cumstances, it is uneconomical to go and it may be more 
profitable to give consideration to line compensation by 
means of capacitors to increase the economic limit of 
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Fig. 7—-Trend in transmission voltages in 60 years. 
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TABLE 2—FORM OF TABULATION FOR DETERMINING VOLTAGES AND CONDUCTOR SIZES 
Based on the Transmission of 10000 Kva for 10 Miles at 80 Percent Power Factor Lagging, 60-Cycle, 3-Phase 
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2 fa) = 10000) | 2.50 = m = a 
g =) 2 S Kya | Kva 2] 28 n 2 ei |. can 
3 2] 2 S | gels. [258] Mase 5 z £3 | 3 2 | 
= a z oe Refte} Bg] 32 ee ee - me | eset ay | 
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TABLE 3—-QUICK-ESTIMATING DATA ON THE LOAD CARRYING 
CAPACITY OF TRANSMISSION LINEST 


Delivered Line Voltage 


Kw Which Can Be Delivered Based 
on 5% Regulation and 90% 


Power Factor 


Distance in Miles 


13.2 kv—3-foot spacing 5 10 e 20 
Stranded Copper 

‘t 950 490 330 245 

2 1 400 700 470 350 

4/0 3000 | 1500! 1000 750 

33 kv—-4-foot spacing a0. at ap i 

Stranded Copper ! 

1 5000 | 2500 | 1700) 1250 

2/0 6700 | 3350 | 2200; 1700 

4/0 8350 | 4180 | 2800} 2100 

300 000 11500 | 5750} 3800} 2900 

66 kv—8-foot spacing 20 40 60 80 
Stranded Copper 

2/0 12500 | 6250} 4180 | 3140 

4/0 16000 | 8000! 5320} 3990 

300 000 18400 | 9180} 6120 | 4590 


Loss and Equal Voltage at 


Sending and Receiving Ends 


132 kv—16-foot spacing 
Stranded Copper 
4/0 
300 000 
500 000 


220 kv—24-foot spacing 


Distance in Miles 


Kw Which Can Be Delivered Based 


on 10% 


Hollow Copper 
500 000 
ACSR—795 000 


tData obtained from Figs. 19 and 22 of Chap. 9. 


40 80 120 160 
116.000; 58000) 39500] 30100 
172000 | 86000) 58800] 44800 
297 000 | 150000 | 101000; 77 100 

80 160 240 320 
425 000 | 219 000 | 151 000 | 119 000 
417 000 {| 216 000 | 149 000 | 118 500 


power transmission than increase the voltage much above 
present practice. 

The basic principles underlying system operation as 
regards voltages have been set forth in a report* which 
lists the voltages in common use, the recommended limits 
of voltage spread, and the equipment voltage ratings in- 
tended to fulfill the voltage requirements of the level 
for which the equipment is designed. The report should be 
carefully studied before any plans are made involving the 
adoption of or change in a system voltage. 

In selecting the transmission voltage, consideration 
should be given to the present and probable future voltage 
of other lines in the vicinity. The advantages of being 
able to tie together adjoining power districts at a common 
voltage frequently outweighs a choice of voltage based on 
lowest immediate cost. 

If the contemplated transmission is remote from any 
existing system, the choice of voltage should result from a 
complete study of all factors involved. Attempts have 
been made to determine by mathematical expression, 
based on the well-known Kelvin’s Law, the most economi- 
cal transmission voltage with all factors evaluated, but 
these are so numerous that such an expression becomes 
complicated, difficult, and unsatisfactory. The only satis- 
factory way to determine the voltage is to make a complete 
study of the initial and operating costs corresponding to 
various assumed transmission voltages and to various sizes 
of conductors. 

For the purposes of the complete study, it is usually 
unnecessary to choose more than three voltages, because 
a fairly good guess as to the probable one is possible with- 
out knowing more than the length of the circuit. For 
this preliminary guess, the quick-estimating Table 3 is 
useful. This table assumes that the magnitude of power 
transmitted in the case of voltages 13.2, 33, and 66 kv is 
based on a regulation of 5 percent and a load power factor 
vf 90 percent. In the case of 1382 and 220 kv, the table is 
based on a loss of 10 percent and equal voltages at the send- 
ing and receiving ends of the line. The reason for this and 
the bases of the calculations are given in Chapter 9. 

A representative study is given in Table 2. It is assumed 
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that it is desired to transmit over a single-circuit ten miles 
long 8000 kw (10 000 kva) at 80 percent power-factor lag- 
ging for 10 hours a day followed by 2000 kw (2500 kva) 
at 80 percent power-factor for 14 hours. The preliminary 
guess indicates that 23, 34.5, or 46 kv are probably the 
economical nominal voltages. Equivalent conductor 
spacing and the number of insulators are as given in 
Table 4. Conductors of hard-drawn stranded copper are 


TABLE 4—CONSTRUCTION FEATURES OF TRANSMISSION 
LINES IN THE UNITED STATES* 


Line Lenetiein Miles Equivalent Number of 
Voltage 8 oie Spacing Insulators 
inKv| ay. | Min. Max. | Type**| Av. | Av. | Min. | Max. 
13.8 SC-W 3 
34.5] ... ... | SC-W 4 as os ed 
69 35 25 100 | SC-W 8 5 4 8 
115 40 25 100 | SC-W 17 7 6 11 
138 40 25 140 | SC-W 18 10 8 12 
230 133 45 260 | SC-ST| 31 15 14 20 


employed, the resistance being taken at 25 degrees C. 
The step-up and step-down transformers are assumed as 
2.510 000 kva,12 500 kva at either end, and high-voltage 
circuit-breakers are used in anticipation of future addi- 
tional circuits. 

The costs of the pole line, right-of-way, building, and 
real estate are not included as they will be practically the 
same for the range of voltages studied. 

Assuming that the cost figures in the table are correct, a 
34 500-volt line with No. 00 copper conductor is the most 
economical. The transmission loss will be 5 percent and 
the regulation 7 percent at full load, which is deemed 
satisfactory. The voltage is sufficiently high for use as a 
subtransmission voltage if and when the territory de- 
velops and additional load is created. The likelihood of 
early growth of a load district is an important factor in 
selection of the higher voltage and larger conductor where 
the annual operating costs do not vary too widely. 


9. Choice of Conductors 


The preliminary choice of the conductor size can also 
be limited to two or three, although the method of selecting 
will differ with the length of transmission and the choice 
of voltage. In the lower voltages up to, say, 30 kv, for 
a given percentage energy loss in transmission, the cross 
section and consequently the weight of the conductors 
required to transmit a given block of power varies in- 
versely as the square of the voltage. Thus, if the voltage 
is doubled, the weight of the conductors will be reduced 
to one-fourth with approximately a corresponding reduc- 
tion in their cost. This saving in conducting material 
for a given energy loss in transmission becomes less 
as the higher voltages are reached, becoming increas- 
ingly less as voltages go higher. This is for the reason 
that for the higher voltages at least two other sources of 


*This table is based on information published in Electrical World 
and in Electrical Engineering. While it does not include all lines, it 
is probably representative of general practice in the U.S.A. 

**SC-W —Single-circuit wood. , 

SC-ST—Single-circuit steel. 
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loss, leakage over insulators and the escape of energy 
through the air between the conductors (known as 
“corona’’—see Chap. 3) appear. In addition to these 
two losses, the charging current, which increases as the 
transmission voltage goes higher, may either increase or 
decrease the current in the circuit depending upon the 
power-factor of the load current and the relative amount 
of the leading and lagging components of the current in 
the circuit. Any change in the current of the circuit will 
consequently be accompanied by a corresponding change 
in the I? loss. In fact, these sources of additional losses 
may, in some cases of Jong circuits or extensive systems, 
materially contribute toward limiting the transmission 
voltage. The weight of copper conductors, from which 
their cost can be calculated, is given in Chap. 3. As an 
insurance against breakdown, important lines frequently 
are built with circuits in duplicate. In such cases the cost 
of conductors for two circuits should not be overlooked. 


10. Choice of Spacing 


Conductor spacing depends upon the economic con- 
sideration given to performance against lightning surges. 
If maximum reliability is sought, the spacing loses its 
relation to the operating voltage and then a medium 
voltage line assumes most of the cost of a high-voltage 
transmission without the corresponding economy. (See 
Chap. 17) In general a compromise is adopted whereby 
the spacing is based on the dynamic voltage conditions 
with some allowance for reasonable performance against 
lightning surges. 

Table 4 shows typical features of transmission lines in 
the United States including their “equivalent spacing” 
and the number of suspension insulators used. By equiva- 
lent spacing is understood the spacing that would give 
the same reactance and capacitance as if an equilateral 
triangular arrangement of conductors had been used. It 
is usually impractical to use an equilateral triangular ar- 
rangement for design reasons. The equivalent spacing 
is obtained from the formula D=\/ABC where A, B, 
and C are the actual distances between conductors. 


11. Choice of Supply Circuits 


The choice of the electrical layout of the proposed 
power station is based on the conditions prevailing locally. 
It should take into consideration the character of the 
load and the necessity for maintaining continuity of 
service. It should be as simple in arrangement as prac- 
ticable to secure the desired flexibility in operation and 
to provide the proper facilities for inspection of the 
apparatus. 

A review of existing installations shows that the appar- 
ent combinations are innumerable, but an analysis indi- 
cates that in general they are combinations of a limited 
number of fundamental schemes. The arrangements 
vary from the simplest single-circuit layout to the in- 
volved duplicate systems installed for metropolitan serv- 
ice where the importance of maintaining continuity of 
service justifies a high capital expenditure. 

The scheme selected for stations distributing power at 
bus voltage differs radically from the layout that would 
be desirable for a station designed for bulk transmission. 
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In some metropolitan developments supplying under- 
ground cable systems segregated-phase layouts have 
been and are still employed to secure the maximum of 
reliability in operation. However, their use seems to be 
on the decline, as the improvement in performance over 
the conventional adjacent phase grouping is not suff- 
ciently better to justify the extra cost, particularly in 
view of the continuing improvement of protective equip- 
ment and the more reliable schemes of relaying available 
today for removing faulty equipment, buses, or circuits. 

Several fundamental schemes for bus layouts supplying 
feeders at generator voltage are shown in Fig. 8. These 
vary from the simplest form of supply for a small indus- 
trial plant as shown in (a) to a reliable type of layout for 
central-station supply to important load areas shown in 
(e) and (f)T. 

Sketch (a) shows several feeders connected to a com- 
mon bus fed by only one generator. This type of con- 
struction should be used only where interruptions to 
service are relatively unimportant because outages must 
exist to all feeders simultaneously when the bus, genera- 
tor breaker, generator or power source is out of service 
for any reason. Each feeder has a circuit breaker and a 
disconnect switch. The circuit breaker provides protec- 
tion against short circuits on the feeder and enables the 
feeder to be removed from service while it is carrying 
load if necessary. The disconnect switch serves as addi- 
tional backup protection for personnel, with the breaker 
open, during maintenance or repair work on the feeder. 
The disconnect also enables the breaker to be isolated 
from the bus for inspection and maintenance on the 
breaker. Quite frequently disconnect switches are ar- 
ranged so that when opened the blade can be connected 
to a grounded clip for protection. If the bus is supplied 
by more than one generator, the reliability of supply to 
the feeders using this type of layout is considerably in- 
creased. 

With more than one generator complete flexibility is 
obtained by using duplicate bus and switching equip- 
ment as shown in (b). It is often questionable whether 
the expense of such an arrangement is justified and it 
should be used only where the importance of the service 
warrants it. One breaker from each generator or feeder 
can be removed from service for maintenance with com- 
plete protection for maintenance personnel and without 
disrupting service to any feeder. Also, one complete bus 
section can be removed from service for cleaning and main- 
tenance or for adding an additional feeder without inter- 
fering with the normal supply to other feeder circuits. 
There are many intermediate schemes that can be utilized 
that give a lesser degree of flexibility, an example of 
which is shown in (c). There are also several connec- 
tions differing in degree of duplication that are inter- 
mediate to the three layouts indicated, as for instance in 
(d). An analysis of the connections in any station layout 
usually shows that they are built up from parts of the 
fundamental schemes depending upon the flexibility and 
reliability required. 

The generating capacity connected to a bus may be so 

{NELA Publications Nos. 164 and 278-20—Elec. App. Comm. 
give a number of station and substation layouts. 


large that it is necessary to use current-limiting reactors 
in series with the generator leads or in series with each 
feeder. Sometimes both are required. Sketch (e) shows a 
double bus commonly used where reactors are in series 
with each generator and each feeder. Bus-tie reactors 
are also shown that, with all generators in service, keep 
the short-circuit currents within the interrupting ability 
of the breakers. These bus-tie reactors are important 
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Fig. 8—Fundamental schemes of connections for supply at 
. generator voltage. 
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because they not only limit the current on short circuit 
but also serve as a source of supply to the feeders on a 
bus section if the generator on that bus section fails. 
Each feeder can be connected to either the main or auxil- 
iary bus through what is called a selector breaker. A 
selector breaker is similar in every respect to the feeder 
breaker and serves as backup protection in case the feeder 
breaker does not function properly when it should open 
on a feeder fault. The bus-tie breakers can be used when 
one or more generators are out of service to prevent volt- 
age and phase-angle differences between bus sections 
that would exist with the supply to a bus section through 
a reactor. The phase angle between bus sections becomes 
important when a station is supplying a network system 
and should be kept to a minimum to prevent circulating 
currents through the network. For a network supply at 
least four bus sections are generally used so that the net- 
work can still be supplied in case one bus section should 
trip out on a fault. Sketch (e) shows only three bus sec- 
tions, the main and auxiliary buses serve as one bus for 
the feeders connected to that section. 

Sketch (f) shows a more modern design for central 
stations with the feeder reactors next to the bus struc- 
ture, in contrast with (e) where the reactors are on the 
feeder side of the breaker. This arrangement is possible 
because of the proven reliability of reactors, circuit break- 
ers, and dust-tight metalclad bus structures. Con- 
tinuous supply to all feeders is provided through reactor 
ties to a synchronizing bus should a generator fail. Bus- 
tie circuit breakers are provided to tie solidly adjacent 
bus sections for operation with one or more generators 
out of service. Stations of this type would be expected 
to have four to six or more bus sections especially if the 
station supplies network loads. The synchronizing bus 
also serves as a point where tie feeders from other sta- 
tions can be connected and be available for symmetrical 
power supply to all feeder buses through the reactors. 
This is not the case for station design shown in (e) where 
a tie feeder must be brought in to a particular bus section. 

For any type of generating-station design proper cur- 
rent and potential transformers must be provided to sup- 
ply the various types of relays to protect all electrical 


parts of the station against any type of fault. Likewise, , 
current and voltage conditions must be obtained from’ 


current and potential transformers through the proper 
metering equipment to enable the operating forces to put 
into service or remove any equipment without impairing 
the operation of the remainder of the station. A ground 
bus must be provided for grounding each feeder when it 
is out of service for safety to personnel. Also a high- 
potential test bus is necessary to test circuit breakers, 
bus work and feeders, following an outage for repairs or 
maintenance, before being reconnected to the station. 
Fire walls are generally provided between bus sections 
or between each group of two bus sections to provide 
against the possibility of a fire in one section spreading to 
the adjacent sections. The separate compartments within 
the station should be locked and made as tight as possible 
for protection against accidental contact by operating 
personnel either physically or through the medium of a 
Wire or any conducting material. Stray animals have 
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caused considerable trouble by electrocuting themselves 
in accessible bus structures. 

With stations supplying transmission systems the 
scheme of connections depends largely on the relative 
capacities of the individual generators, transformers and 
transmission circuits; and whether all the generated 
power is supplied in bulk over transmission lines or 
whether some must also be supplied at generator voltage. 
The simplest layout is obtained when each generator, 
transformer and transmission circuit is of the same ca- 
pacity and can be treated as a single entity. Unfortu- 
nately, this is seldom the case because the number of 
generators do not equal the number of outgoing circuits. 
Even here, however, some simplification is possible if the 
transformers are selected of the same capacity as the 
generators, so that the combination becomes the equiva- 
lent of a high-voltage generator with all the switching on 
the high-voltage side of the transformer. 

In Fig. 9, (a) shows the “unit scheme” of supply. The 
power system must be such that a whole unit comprising 
generator, transformer and transmission line can be 
dropped without loss of customer’s load. The station 
auxiliaries that go with each unit are usually supplied 
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Fig. 9—Fundamental schemes of supply at higher than gener- 
ated voltage. 
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through a station transformer connected directly to the 
generator terminals, an independent supply being pro- 
vided for the initial start-up and for subsequent emer- 
gency restarts. 

Sketch (b) shows the case where conditions do not per- 
mit of the transformers being associated directly with the 
generators because, perhaps, of outgoing feeders at gen- 
erator voltage, but where the capacity of the transmission 
lines is such as to give an economical transformer size. 
Here it may be desirable to include the transformer bank 
as an integral part of the line and perform all switching 
operations on the low-voltage side. Sketch (b) shows the 
extreme of simplicity, which is permissible only where 
feeders and lines can be taken in and out of service at 
will, and (c) shows the other extreme where the feeders 
and lines are expected to be in service continuously. 
Sketch (d) shows an arrangement which is frequently ap- 
plicable and which provides a considerable flexibility 
with the fewest breakers. 

Figs. 8 and 9 include fundamental layouts from which 
almost any combination can be made to meet local condi- 
tions. The choice depends on the requirements of service 
continuity, the importance of which depends on two fac- 
tors, the multiplicity of sources of supply, and the type 
of load. Some industrial loads are of such a nature that 
the relatively small risk of an outage does not justify 
duplication of buses and switching. 

The same argument applies to the transmission line 
itself. Figure 10 shows an assumed transmission of 100 
miles with two intermediate stations at 33 miles from 
either end. Sketch (a) is a fully-sectionalized scheme 
giving the ultimate in flexibility and reliability. Any sec- 
tion of either transmission circuit can be taken out for 
maintenance without the loss of generating capacity. 
Furthermore, except within that part of the transmission 
where one section is temporarily out of service, a fault on 
any section of circuit may also be cleared without loss of 
load. Sketch (b) shows the looped-in method of connec- 
tion. Fewer breakers are required than for the fully 
sectionalized scheme, and as in (a) any section of the 
circuit can be removed from service without reducing 
power output. If, however, a second line trips out, part 
or all of the generating capacity may be lost. Relaying 
is somewhat more difficult than with (a), but not unduly 
so. Flexibility on the low-voltage side is retained as in 
(a). Sketch (c) is in effect an extension of the buses from 
station to station. The scheme is, of course, considerably 
cheaper than that in (a) and slightly less than that in 
(b) but can be justified only where a temporary outaze 
of the transmission is unimportant. Relaying in (c) is 
complicated by the fact that ties between buses tend to 
equalize the currents so that several distinct relaying 
steps are required to clear a fault. 

A proper balance must be kept between the reliability 
of the switching scheme used and the design of the line 
itself. Most line outages originate from lightning and a 
simplification and reduction in the cost of switching is 
permissible if the circuit is built lightning proof. (See 
Chap. 13.) On the other hand, if a line is of poor construc- 
tion as regards insulation and spacing, it would not be 
good engineering to attempt to compensate for this by 
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Fig. 10—Fundamental schemes of transmission. (a) Fully- 
sectionalized supply. (b) Looped-in supply. (c) Bussed supply. 


putting in an elaborate switching and relaying scheme. 

Only a few fundamental ideas have been presented on 
the possible layout of station buses and the switching 
arrangements of transmission circuits. The possible com- 
binations are almost infinite in number and will depend 
on local conditions and the expenditure considered per- 
missible for the conditions prevailing. 
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CHAPTER 2 
SYMMETRICAL COMPONENTS 


Original Author: 
J. E. Hobson 


voltages and currents are balanced (of equal mag- 

nitude in the three phases and displaced 120° from 
each other), and in which all circuit elements in each phase 
are balanced and symmetrical, is relatively simple since 
the treatment, of a single-phase leads directly to the three- 
phase solution. The analysis by Kirchoff’s laws is much 
more difficult, however, when the circuit is not sym- 
metrical, as the result of unbalanced loads, unbalanced 
faults or short-circuits that are not symmetrical in the 
three phases. Symmetrical components is the method now 
generally adopted for calculating such circuits. It was 
presented to the engineering profession by Dr. Charles L. 
Fortescue in his 1918 paper, “Method of Symmetrical Co- 
ordinates Applied to the Solution of Polyphase Networks.” 
This paper, one of the longest ever presented before the 
A.LE.E., is now recognized as a classic in engineering liter- 
ature. For several years symmetrical components re- 
mained the tool of the specialist; but the subsequent work 
of R. D. Evans, C. F. Wagner, J. F. Peters, and others in 
developing the sequence networks and extending the ap- 
plication to system fault calculations and stability calcula- 
tions focused the attention of the industry on the simplifi- 
cation and clarification symmetrical components offered in 
the calculation of power system performance under un- 
balanced conditions. 

The method was recognized immediately by a few engi- 
neers as being very useful for the analysis of unbalanced 
conditions on symmetrical machines. Its more general 
application to the calculation of power system faults and 
unbalances, and the simplification made possible by the 
use of symmetrical components in such calculations, was 


[i analysis of a three-phase circuit in which phase 


not appreciated until several years later when the papers 
by Evans, Wagner, and others were published. The use’ 


of symmetrical components in the calculation of unbal- 
anced faults, unbalanced loads, and stability limits on 
three-phase power systems now overshadows the other 
applications. 

The fundamental principle of symmetrical components, 
as applied to three-phase circuits, is that an unbalanced 
group of three related vectors (for example, three unsym- 
metrical and unbalanced vectors of voltage or current in 
a three-phase system) can be resolved into three sets of 
vectors. The three vectors of each set are of equal magni- 
tude and spaced either zero or 120 degrees apart. Each set 
is a ‘symmetrical component” of the original unbalanced 
vectors. The same concept of resolution can be applied to 
rotating vectors, such as voltages or currents, or non- 
rotating vector operators such as impedances or admit- 
tances. 
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Revised by: 
D. L. Whitehead 


Stated in more general terms, an unbalanced group of n 
associated vectors, all of the same type, can be resolved 
into n sets of balanced vectors. The n vectors of each set 
are of equal length and symmetrically located with respect 
to each other. A set of vectors is considered to be sym- 
metrically located if the angles between the vectors, taken 
in sequential order, are all equal. Thus three vectors of 
one set are symmetrically located if the angle between 
adjacent vectors is either zero or 120 degrees. Although 
the method of symmetrical components is applicable to the 
analysis of any multi-phase system, this discussion will be 
limited to a consideration of three-phase systems, since 
three phase systems are most frequently encountered. 

This method of analysis makes possible the prediction, 
readily and accurately, of the behavior of a power system 
during unbalanced short-circuit or unbalanced load con- 
ditions. The engineer’s knowledge of such phenomena has 
been greatly augmented and rapidly developed since its 
introduction. Modern concepts of protective relaying and 
fault protection grew from an understanding of the sym- 
metrical component methods. 

Out of the concept of symmetrical components have 
sprung, almost full-born, many electrical devices. The 
negative-sequence relay for the detection of system faults, 
the positive-sequence filter for causing generator voltage 
regulators to respond to voltage changes in all three phases 
rather than in one phase alone, and the connection of in- 
strument transformers to segregate zero-sequence quanti- 
ties for the prompt detection of ground faults are interest- 
ing examples. The HCB pilot wire relay, a recent addition 
to the list of devices originating in minds trained to think 
in terms of symmetrical components, uses a positive- 
sequence filter and a zero-sequence filter for the detection 
of faults within a protected line section and for initiating 
the high speed tripping of breakers to isolate the faulted 
section. 

Symmetrical components as a tool in stability calcula- 
tions was recognized in 1924-1926, and has been used 
extensively since that time in power system stability 
analyses. Its value for such calculations lies principally in 
the fact that it permits an unbalanced load or fault to be 
represented by an impedance in shunt with the single- 
phase representation of the balanced system. 

The understanding of three-phase transformer perform- 
ance, particularly the effect of connections and the phe- 
nomena associated with three-phase core-form units has 
been clarified by symmetrical components, as have been 
the physical concepts and the mathematical analysis of 
rotating machine performance under conditions of unbal- 
anced faults or unbalanced loading. 
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The extensive use of the network calculator for the 
determination of short-circuit currents and voltages and 
for the application of circuit breakers, relays, grounding 
transformers, protector tubes, etc. has been furthered by 
the development of symmetrical components, since each 
sequence network may be set up independently as a single- 
phase system. A miniature network of an extensive power 
system, set up with three-phase voltages, separate im- 
pedances for each phase, and mutual impedances between 
phases would indeed be so large and cumbersome to handle 
as to be prohibitive. In this connnection it is of interest to 
note that the network calculator has become an indispen- 
sable tool in the analysis of power system performance and 
in power system design. 

Not only has the method been an exceedingly valuable 
tool in system analyses, but also, by providing new and 
simpler concepts the understanding of power system be- 
havior has been clarified. The method of symmetrical 
components is responsible for an entirely different manner 
of approach to predicting and analyzing power-system 
performance. 

Symmetrical components early earned a reputation of 
being complex. This is unfortunate since the mathe- 
matical manipulations attendant with the method are 
quite simple, requiring only a knowledge of complex vector 
notation. It stands somewhat unique among mathemat- 
ical tools in that it has been used not only to explain exist- 
ing conditions, but also, as pointed out above, the physical 
concepts arising from a knowledge of the basic principles 
have led to the development of new equipment and new 
schemes for power system operation, protection, etc. 
Things men come to know lose their mystery, and so it is 
with this important tool. 

Inasmuch as the theory and applications of symmetrical 
components are fully discussed elsewhere (see references) 
the intention here is only to summarize the impor- 
tant equations and to provide a convenient reference for 
those who are already somewhat familiar with the sub- 
Ject. 


I, THE VECTOR OPERATOR ‘a’”’ 


For convenience in notation and manipulation a vector 
operator is introduced. Through usage it has come to be 
known as the vector a and is defined as 


— eilzo (1) 


This indicates that the vector a has unit length and is 
oriented 120 degrees in a positive (counter-clockwise) 
direction from the reference axis. A vector operated upon 
by a is not changed in magnitude but is simply rotated in 
Position 120 degrees in the forward direction. For exam- 
ple, V’=aV is a vector having the same length as the 
vector V, but rotated 120 degrees forward from the vector 
V. This relationship is shown in Fig. 1. The square of 
the vector a is another unit vector oriented 120 degrees 
ma negative (clockwise) direction from the reference 


axis, or oriented 240 degrees forward in a positive direc- 
tion. 
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2 a: (¢il%) (¢i120) — ¢i240 — ~5 _ ive (2) 


2 


As shown in Fig. 1, the resultant of a? operating on a 
vector V is the vector V’”’ having the same length as V, 
but located 120 degrees in a clockwise direction from V. 
The three vectors 1+ 0, a?, and a (taken in this order) 


Vea0V 


~ 


Vizg2yv 
Fig. 1—Rotation of a vector by the operator a. 


form a balanced, symmetrical, set of vectors of positive- 
phase-sequence rotation, since the vectors are of equal 
length, displaced equal angles from each other, and cross 
the reference line in the order 1, a?, and a (following the 
usual convention of counter-clockwise rotation for the 


TABLE 1—PROPERTIES OF THE VECTOR OPERATOR “‘a”’ 
1=14j0=6 2) 


a+a?+1=0 

ata?= —1+j0 = «i180 
a-—@=04 573 = W367 
@—a=0—-jV3 = V3e270 


1—a=3~j¥S = ja y3 = V3em0 
1a =3 4 5¥3 ~jav3 = V3e™ 
a-1= -34j¥3 = ~jay5= yam 
a—1= -3- 9B mia = V5eN0 
Ita= a=} 4j¥3 oom 

1+@¢= a=} —jV3 = ei 


(14a) (14-02) =14j0 =e 
(1—a) (1a?) =3 +70 =3¢ 


=g> -— V3 =z ¢/ 120 

=a= +7 =e 
l-a 1 V3 (300 
a Se e/ 


(1+a)?=a= 5+ = ei 


(l+a?)?=a?= 5-78 = ¢7240 
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vector diagram). The vectors 1, a, and a? (taken in this 
order) form a balanced, symmetrical, set of vectors of 
negative-phase-sequence, since the vectors do not cross 
the reference line in the order named, keeping the same 


o-02-V3_ o-02 o-024\5 
pe 
# a te. 
a-t a eT o~ 0? 1-02 
/ : \ 
/ \ 
i = 
~1+jo . | +)0 
| \ | 
\ / 
\ x é J 
; Pa 
az—| perme. _- to Y1-a 
~~ 7 
_~ 
™ ao ee 
a2-a-V3 ss ata a a2-a+VS 


Fig, 2—Properties of the vector operator a. 


convention of counterclockwise rotation, but the third 
named follows the first, ete. 

Fundamental properties of the vector a are given 
in Table 1, and are shown on the vector diagram of 
Fig. 2. 


II. RESOLUTION AND COMBINATION OF 
VECTOR COMPONENTS 


1. Resolution of Unbalanced Three-Phase Voltages 


A three-phase set of unbalanced voltage vectors is shown 
in Fig. 3. Any three unbalanced vectors such as those in 
Fig. 3 can be resolved into three balanced or symmetrical 
sets of vectors by the use of the following equations: 


Ey=4(E,+Ey+E£.) 
EL, =1}(F,+ak,+ak,) (3) . 
E,=3(E,+a°E, +a.) 


Ep 


Fig. 3—Unbalanced vectors. 


Ky is the zero-sequence component of F,, and is like- 
wise the zero-sequence component of #, and E., so that 
Ey=Eo=Ey=Eeo. This set of three-phase vectors is 
shown in Fig. 4. 
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- 


a07Ebo"EcoZE 


Fig. 4—Zero-sequence components of the vectors in Fig. 3. 


E, is the positive-sequence component of £,, written 
as E,,. The positive-sequence component of Ey, Eis, 18 
equal to a?£4,. The positive-sequence component of E,, 
Ea, is equal togEa. By, Ey, Ba form a balanced, sym- 
metrical three-phase set of vectors of positive phase se- 
quence since the vector Z,; is 120 degrees ahead of Fin 
and 120 degrees behind #1, as shown in Fig. 5. 


Eo 208, 


, Foi E, 


Eptare, 


Fig, 5—Positive-sequence components of the vectors in Fig. 3. 


Ez is the negative-sequence component of E,, written 
as Fao. The negative-sequence components of f, and F, 
are, respectively, aH. and a?Hy2, so that Hue, Boe, Ee 
taken in order form a symmetrical set of negative-sequence 
vectors as in Fig. 6. 

All three of the zero-sequence-component vectors are 
defined by Zo, since Hg=Eyo=E a. Likewise, the three 


Epe70E, 


Eg" 07Eg 


Fig. 6—Negative-sequence components of the vectors in Fig. 3. 


positive-sequence vectors are defined by £4, since Ba = £4, 
Eun=@k,, and Ea=ak;. Similarly the three negative- 
sequence vectors are defined by #2. Thus all nine com- 
ponent vectors of the three original unbalanced vectors are 
completely defined by Ey, £1, and £.; and it is understood 
that Zo, H,, and E2, are the zero-, positive-, and negative- 
sequence components of £, without writing E40, etc. The 
three original unbalanced vectors possess six degrees of 
freedom, since an angle and a magnitude are necessary to 
define each vector. The nine component vectors also 
possess six degrees of freedom, since each of the three sets 
of component vectors is described by one angle and one 
magnitude; for example, the three positive-sequence 
vectors Hu, Epi, and Hu, are defined by the angular posi- 
tion and magnitude of £. 
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Note that all three sets of component vectors have the 
same counterclockwise direction of rotation as was as- 
sumed for the original unbalanced vectors. The negative- 
sequence set of vectors does not rotate in a direction oppo- 
site to the positive-sequence set; but the phase-sequence, 
that is, the order in which the maximum occur with time, 
of the negative-sequence set is a, c, b, a, and therefore 
opposite to the a, b, c, a, phase-sequence of the positive- 
sequence set. 

The unbalanced vectors can be expressed as functions of 
the three components just defined: 


B,=Eyt#Hutbe=Eothit Ek, 
Ey =Eyot+ Lit Lo = Ey t+ eh +ak, (4) 
E.=EagtEatla=EKyt+ak\+e7E, 


The combination of the sequence component vectors to 
form the original unbalanced vectors is shown in Fig. 7. 

In general a set of three unbalanced vectors such as 
those in Fig. 3 will have zero-, positive-, and negative- 


Fig. 7—Combination of the three symmetrical component 
sets of vectors to obtain the original unbalanced vectors in 
Fig. 3. 


sequence components. However, if the vectors are bal- 
anced and symmetrical—of equal length and displaced 120 
degrees from each other—there will be only a positive- 
sequence component, or only a negative-sequence com- 
ponent, depending upon the order of phase sequence for 
the original vectors. 

Equations (3) can be used to resolve either line-to- 
neutral voltages or line-to-line voltages into their com- 
ponents. Inherently, however, since three delta or line- 
to-line voltages must form a closed triangle, there will be 
no zero-sequence component for a set of three-phase line- 
to-line voltages, and Eyp=} (Ey, +Ey-+E ea.) =0. The 
subscript “D” is used to denote components of delta 
voltages or currents flowing in delta windings. 

In many cases it is desirable to know the ratio of the 
negatives- to positive-sequence amplitudes and the phase 
angle between them. This ratio is commonly called the 
unbalance factor and can be conveniently obtained from 
the chart given in Fig. 8. The angle, 6, by which Eue 
leads £,, can be obtained also from the same chart. The 
chart is applicable only to three-phase, three-wire systems, 
since it presupposes no zero-sequence component. The 
only data needed to use the chart is the scalar magnitudes 
of the three line voltages. As an example the chart can be 
used to determine the unbalance in phase voltages per- 
missible on induction motors without excessive heating. 
This limit has usually been expressed as a permissible 
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AZ 


0.88 0.96 1.04 1.42 120 


Fig. 8—Determination of unbalance factor. 


negative sequence voltage whereas the phase voltages are 
of course more readily measured. 


2. Resolution of Unbalanced Three-Phase Currents 


Three line currents can be resolved into three sets of 
symmetrical component vectors in a manner analogous 
to that just given for the resolution of voltages. 

Referring to Fig. 9: 


Io = To=$ latin t le) 
Qh=In=}.tal+el,) (5) 
Ie=Ia2=3(1,+@l,+al,) 
Ig 
Q 
Ip 
b 2b. 
te 


c 


Fig. 9—Three-phase line currents. 


The above are, respectively, the zero-, positive-, and 
negative-sequence components of J,, the current in the 
reference phase. 


La=Lotlatla=htht+l. 
=Lpothitle=htelh+al, (6) 
L.=Latlatle=ltalt+al, 
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Three delta currents, Fig. 10, can be resolved into com- 
ponents: 


yn = 4 +1,4+-2,) 
fin=4(tal,+@2,) (7) 
Len =4(Lx + @l, +al,) 

Where /, has been chosen as the reference phase current. 


a 


Fig. 10—Three-phase delta currents. 


Three line currents flowing into a delta-connected load, 
or into a delta-connected transformer winding, cannot 
have a zero-sequence component since /,+J,+J/, must 
obviously be equal to zero. Likewise the currents flowing 
into a star-connected load cannot have a zero-sequence 
component unless the neutral wire is returned or the neutral 
point is connected to ground. Another way of stating this 
fact is that zero-sequence current cannot flow into a delta- 
connected load or transformer bank; nor can zero-sequence 
current flow into a star-connected load or transformer bank 
unless the neutral is grounded or connected to a return 
neutral wire. 

The choice of which phase to use as reference is entirely 
arbitrary, but once selected, this phase must be kept as the 
reference for voltages and currents throughout the system, 
and throughout the analysis. It is customary in symmet- 
rical component notation to denote the reference phase as 
“phase a’’. 
tem are then expressed in terms of their components, all 
referred to the components of the reference phase. The 
components of voltage, current, impedance, or power 
found by analysis are directly the components of the refer- 
ence phase, and the components of voltage, current, im- 


pedance, or power for the other phases are easily found by : 


rotating the positive-or negative-sequence components of 
the reference-phase through the proper angle. The am- 
biguity possible where star-delta transformations of volt- 
age and current are involved, or where the components of 
star voltages and currents are to be related to delta volt- 
ages and currents, is detailed in a following section. 


3. Resolution of Unbalanced Impedances and Ad- 
mittances 


Self Impedances—Unbalanced impedances can be 
resolved into symmetrical components, although the 
impedances are vector operators, and not rotating vectors 
as are three-phase voltages and currents. Consider the 
three star-impedances of Fig. 11(a), which form an unbal- 
anced load. Their sequence components are: 


Zo = 4(ZatZo+Ze) 


=}(Z.4+0Z,+@%,) (8) 
Z,=3(Z.+0-2Z,+0Z,) 


The voltages and currents over an entire sys-- 
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(a) 
ato 
Ig*Io +], tle Zq ; 
a = a 
Eb 
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(b) 


Fig. 11—Three unbalanced self impedances. 


The sequence components of current through the im- 
pedances, and the sequence components of the line volt- 
ages impressed across them are interrelated by the fol- 
lowing equations: , 


Ey= § (Bag t Eng t Leg) =1hZ,+hZ,+1L, 
Ey = 3(Lagt aby Fob eg) =I LZ, +h LZyt+12Z, (9) 
Ey =4(Eagt@?B yg t ob og) =IpZ,+hZit+]2Z, 


The above equations illustrate the fundamental prin- 
ciple that there is mutual coupling between sequences 
when the circuit constants are not symmetrical. As the 
equations reveal, both positive- and negative-sequence 
current (as well as zero-sequence current) create a zero- 
sequence voltage drop. If Z,=Zp=Z., the impedances 
are symmetrical, Z,=Z,=0, and Z,=Z,. For this con- 
dition, 


Eo=1[oLZy 
F,=Z, (10) 
Eo=I2Lq 


and, as expected, the sequences are independent. If the 
neutral point is not grounded in Fig. 11(a), Jo=0 but 
Ey =1,Z,+1,Z, so that there is a zero-sequence voltage, 
representing a neutral voltage shift, created by positive- 
and negative-sequence current flowing through the un- 
balanced load. 

Equations (8) and (9) also hold for unsymmetrical 
series line impedances, as shown in Fig. 11(b), where Ep, 
E,, and #, are components of E,, Hp, and E,, the voltage 
drops across the impedances in the three phases. 

. Mutual Impedances between phases can also be re- 
solved into components. Consider Za». of Fig. 12(a), as 
reference, then 


Z ‘m0 =4(Zmbe+Zmeat Zmab) 
Zz m1 = =3( Zmbe+AZmeat a Z mab) 
Zin2 


3 (11) 
ee} L(Zmbet @Zmeat aZmab) 
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(a) 


Ig? Ip +], +I Zo 


(b) 
Fig. 12 


(a) Three unbalanced mutual impedances. 
(b) Unbalanced self and mutual impedances. 


The components of the three-phase line currents and 
the components of the three-phase voltage drops created 
by the mutual impedances will be interrelated by the 
following equations: 


hy= (Bas + Boy t+ Bee’) = 21) LZ mo— Li Zm2— LoL 
hy= 4 (Bae tab tek oc) = —Ly Lan —LZ pot 2loZ m2 (12) 
By= (Bat teh yy tak ce) = Lo Lmrt 2hiZnt—LeZimo 


If, as in Fig. 12(b), both self and mutual impedances 
are present in a section of a three-phase circuit, the sym- 
metrical components of the three voltage drops across the 
section are: 


Ey= 4 (Bast Epp + Bec’) 


= Lo(Zo+2Z mo) +1i(Zy— Zr) +1(Zi— Zins) 
i, = 3 (Bay tabby t+ a? Bee) 


=1(Z,— Zins) + Li(Lo— Zyno) tL2(Z2+2Z m2) (13) 


E, a 4(HavteEpy tak ce) 
= I)(Z, — Zin2) +1i(Z,+2Z a) +I2(Zag— Z mo) 


Again, if both self and mutual impedances are sym- 
metrical, in all three phases, 


Eo= I)(Zyo+ 2Z mo) =1)Zo 
E\=1(Zy—Zmo) = Zi (14) 
Ey=12(Zy—Zmo) =1.Z_ 


Where 2, Z;, and Z, are, respectively, the impedance 
to zero-, positive-, and negative-sequence. For this con- 
dition positive-sequence currents produce only a positive- 
Sequence voltage drop, etc. Zo, Z1, and Zz are commonly 
referred to as the zero-sequence, positive-sequence, and 
negative-sequence impedances. Note, however, that this 
Is not strictly correct and that Z,, the impedance to 
Positive-sequence currents, should not be confused with 
21, the positive sequence component of self impedances. 
Since Z), Z1, and Z, are used more frequently than Zo, 
Z,, and Z» the shorter expression ‘‘zero-sequence im- 
pedance” is usually used to refer to Z rather than Z. 
F or a circuit that has only symmetrical impedances, both 
self and mutual, the sequences are independent of each 
other, and positive-sequence currents produce only posi- 
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tive-sequence voltage drops, etc. Fortunately, except for 
unsymmetrical loads, unsymmetrical transformer con- 
nections, etc., the three-phase systems usually encountered 
are symmetrical (or balanced) and the sequences are in- 
dependent. 

Admittances can be resolved into symmetrical com- 
ponents, and the components used to find the sequence 
components of the currents through a three-phase set of 
line impedances, or star-connected loads, as functions 
of the symmetrical components of the voltage drops 


across the impedances. In Fig. 11(a), let eae ao 
Za Zy 
Yo-p, then 
Youd (Vat Yat Ye) 
Y,=3(Y.teY,t+e’Y.) (15) 
Y,=3(Y.t@Y,+aY.) 
and 


Tp=EoYot fHiY.+2£2Y, 
Kh=EK Y,t+E&,Y,+£2Y, (16) 
In= EoY, +k: Y,+bsY, 


Note, however, that Y, is not the reciprocal of Zo, as 
defined in Eq. 8, Y, is not the reciprocal of Z,, and Y, 
is not the reciprocal of Z,, unless Z,=Z,=Z.}; in other 
words, the components of admittance are not reciprocals 
of the corresponding components of impedance unless 
the three impedances (and admittances) under consid- 
eration are equal. 


4, Star-Delta Conversion Equations 


If a delta arrangement of impedances, as in Fig. 13(a), 
is to be converted to an equivalent star shown in Fig. 
13(b), the following equations are applicable. 

1 Zan X Zea 


4-5 74D La 


Za Za X Boe _ (17) 
Yp Lat+LoetZea 
Z a oe ZveXZea 
é Y. Zap t+ZootZea 
Z 
zc Zob ; 
Ze Zp 
Zbe 


(a) (b) 


Fig. 13—Star-delta impedance conversions. 


When the delta impedances form a three-phase load, 
no zero-sequence current can flow from the line to the load; 
hence, the equivalent star load must be left with neutral 
ungrounded. 

The reverse transformation, from the star impedances of 
Fig. 13(b), to the equivalent delta Fig. 13(a), is given by 
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ZL 
Zab = 242,45 
LyZe 


Za 
Z La 
bua= bot Zs.t—7— 


ey fe ae (18) 


An equivalent delta for a star-connected, three-phase 
Joad with neutral grounded cannot be found, since zero- 
sequence current can flow from the line to the star load 
and return in the ground, but cannot flow from the line 
to any delta arrangement. 


III. RELATIONSHIP BETWEEN SEQUENCE 
COMPONENTS OF LINE-TO-LINE AND 
LINE-TO-NEUTRAL VOLTAGES 


Assume that £,,, Fi,, and E.,, are a positive-sequence 
set of line-to-neutral vectors in Fig. 14(a). The line-to- 
line voltages will also form a positive-sequence set of 


i a 
m 
2 
Q 


Ecg 
(a) 
Ebe 
Eco Ecg Eob Ebg 
Eag Eag 
Ebg Eco Ecg Ep 
Ene 
(b} (c) 
Fig. 14—Relationships between line-to-line and line-to- 


neutral components of voltage. 


(b) Positive-sequence relationships. 
(ec) Negative-sequence relationships. 


vectors. The relationship between the two sets of three- 
phase vectors is shown in Fig. 14(b). Although Eip (the 
positive-sequence component of the line-to-line voltages) 
will be numerically equal to /3E,—F; is the positive- 
sequence component of the line-to-neutral voltages (which 
is equal in this case to &,,); the angular relationship be- 
tween H#, and Ep depends upon the line-to-line voltage 
taken as reference. The choice is arbitrary. Table 2 gives 
the relation between Hip and F, for various line-to-line 
phases selected as reference. 
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TABLE 2 


Positive-Sequence Line-to-Line Voltage 
As a Function of Positive Sequence 
Line-to-Neutral Voltage 


AB Eyp = Ew = V3 Ee = (1—a2) BE, 


BC E\np=Eue = —jV38E, =(@-a) Ey 
CA E.p = Ea = V3 E69 = (a1) EY 


Reference Phase 
Line-to-Line Voltages 


BA Eyp = Epa = V3E 6719 = (a? —1) Ey 
CB E.\p = Ew =jV3E,=(a—-@) Ey 
AC Eup = Bue = V3E 16789 = (1 —a)E, 


If Eng, Eng and E.,, form a negative-sequence set of 
vectors, the vector diagram of Fig. 14(c) illustrates the 
relation between E,.=H,,, and Hsp, the negative-sequence 
component of the line-to-line voltages. Again, the al- 
gebraic relation expressing Hep as a function of £, will 
depend upon the line-to-line phase selected for reference, 
as illustrated in Table 3. 


TABLE 3 


Negative-Sequence Line-to-Line Voltage 


Reference Phase As a Function of Negative Sequence 

Line-to-Neutral Voltage 

AB Exp = Em = V3Ex€7 1 = (1—a)E; 

BC Eop = Ey, =j-/3E2 = (a—@) Ep 

CA Bop = Beg = V3 E 2.7189 = (a? 1) Ey 

BA Eop = Eng = V3 Exe! 89 = (a—-1) Ey 

CB Exp = Ey = —jV/3E2 = (a —a) Ea 

AC Exp = Exo = V3E1e! = (1 — 0?) Ey 


Since the line-to-line voltages cannot have a zero-se- 
quence component, Hyn=0 under all conditions, and Ep 
is an indeterminate function of Epp. 

The equations expressing E,p as a function of F£,, and 
Eep as a function of Ez, can be solved to express E, and 
E, as functions of Hip and Hep, respectively. Refer to 
Table 4 for the relationships: 


TABLE 4 
Reference 

Phase 

2 i 5 

_ Hip a- 0 _ fy _a—a 

BC Ey ye gs E, ee Eop 
CA 2-22 -po 1p 5, ER te 

= - 
BA B= 28 wo 2 Bp B= Be 130 @ ; la 

Lip _a@—a En a—a? 
CB BE, ea 3 1D E,= V3. 3 Eon 
2 

AC Ey =SB= 6 Evy Ey - hem ao Ry 


Certain authors have arbitrarily adopted phase CB as 
reference, since the relations between the line-to-line and 
line-to-neutral components are easily remembered and 
the angular shift of 90 degrees is easy to carry in com- 
putations. Using this convention: 
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bp ie Fup 
E\p=jV3Ei Ey,= TR 
= op 
Eap= —jV 3k» IT (19) 
Ep =0 £, is not a function of Epp 


The equations and vector diagrams illustrate the inter- 
esting fact that the numerical relation between the line- 
to-line and line-to-neutral positive-sequence components 
is the same as for negative-sequence; but that the angular 
shift for negative-sequence is opposite to that for positive- 
sequence, regardless of the delta phase selected for refer- 
ence. Also, a connection of power or regulating trans- 
formers giving a shift of @ degrees in the transformation 
for positive-sequence voltage and current will give a shift 
of —6@ degrees in the transformation for negative-sequence 
voltage and current. 


IV. SEQUENCE COMPONENTS OF LINE AND 
DELTA CURRENTS 


The relation existing between the positive-sequence 
component of the delta currents and the positive-sequence 
component of the line currents flowing into a delta load 
or delta-connected transformer winding, and the relation 
existing for the negative-sequence components of the cur- 
rents are given in Figs. 15(b) and 15(c). Although the 
components of line currents are \/3 times the delta phase 
selected for reference, the angular relationship depends 


y To li 


& 
(b) (c) 


Fig. 15—Relationships between components of phase and 
delta currents. 
(b) Positive-sequence relationships. 
(ce) Negative-sequence relationships. 
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upon the phase selected for reference. J, is taken as refer- 
ence for the line currents. Refer to Table 5. 


TABLE 5 
Delta 
ee Fig. 14(b) Fig. 14(c) 
urren 
oe hc 
I, hip =Te= gh Tay = T= ghee ase 
Iy Ip=Ty=—ph I aly=yl1 
I, Ip=l=Sghe™ Inala yhiecn 
ah Ip=—TeaJghem | Taps —le= yagi 
] -j 
-I, Ip= —ly= gh Typ = —ly=Jale 
TI, Iip= -Le=Sghe Tap = —Leglaei™ 


If the current (—J,) is taken as reference, the relation 
are easily remembered; also, the 7 operator is convenien. 
to use in analysis. 


hp= gh 1S 306 
Inp= als haiishes (20) 


V. STAR-DELTA TRANSFORMATIONS OF 
VOLTAGE AND CURRENT 


Each sequence component of voltage and current must 
be followed separately through the transformer, and the 
angular shift of the sequence will depend upon the input 
and output phases arbitrarily selected for reference. In 
Fig. 16(a), the winding ratio is n and the overall trans- 


formation ratio is N = Va Line-to-line or line-to-neutral 


voltages on the delta side will be N times the correspond- 
ing voltages on the star side of the transformer (neglecting 
impedance drop). If the transformer windings are sym- 
metrical in the three phases, there will be no interaction 
between sequences, and each sequence component of volt- 
age or current is transformed independently. 

To illustrate the sequence transformations, phases a and 
a’ have been selected as reference phases in the two circuits. 
Figs. 16(b), (c), (d), and (e) give the relationships for the 
three phases with each component of voltage and current 
considered separately. 

From the vector diagrams 


Ey =N F¢%9 
Li 3 
f= qe 
EY! = N Eye i? 


1 P 
Ie = ye 


(21) 


Regardless of the phases selected for reference, both 
positive-sequence current and voltage will be shifted in 
the same direction by the same angle. Negative-sequence 
current and voltage will also be shifted the same angle in 


+ 
Tq To 


(a) 


Eb Ic 


EM 
cb 


(d) (e) 


Fig. 16—Transformation of the sequence components of cur- 
rent and voltage in a star-delta transformer bank. 

(b) 
line voltages. 

(c) Relationship of positive-sequence currents. 

(d) Relationship of negative-sequence line-to-neutral and line- 
to-line voltages. 

(e) Relationship of negative-sequence currents. 


one direction, and the negative-sequence angular shift will 
be equal to the positive-sequence shift but in the opposite 
direction. As previously stated, this is a general rule for all 
connections of power and regulating transformers, wher- 
ever phase shift is involved in the transformation. 

Since zero-sequence current cannot flow from the delta 
winding, there will be no zero-sequence component of J,’. 
If the star winding is grounded, J, may have a zero-se- 
quence component. From the star side the transformer 
bank acts as a return path for zero-sequence current (if the 
neutral is grounded), and from the delta side the bank acts 
as an open circuit to zero-sequence. For zero-sequence 
current alone, J,=Jp»=J/,=J., and a current will circu- 
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Relationship of positive-sequence line-to-neutral and line-to- . 
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late around the delta such that Tea Ty= Tela To 


The zero-sequence line-to-neutral voltages, E, and EF.’ are 
entirely independent; each being determined by conditions 
in its respective circuit. The transformation characteristics 
for the three sequence currents and voltages, and the se- 
quence impedance characteristics, for common connections 
of power and regulating transformers are given in Chap. 5. 
The action of a transformer bank in the transformation of 
zero-sequence currents must be given particular attention, 
since certain connections do not permit zcro-sequence cur- 
rent to flow, others permit it to pass through the bank 
without transformation, and still others transform zero- 
sequence quantities in the same manner as positive- or 
negative-sequence quantities are transformed. 


VI. THREE-PHASE POWER 


The total three-phase power of a circuit can be expressed 
in terms of the symmetrical components of the line cur- 
rents and the symmetrical components of the line-to- 
neutral voltages. 


P=3(Eolo cos +Fih, cos 4+ Lele cos 82) (22) 


where 6) is the angle between Fy and Jo, #: the angle 
between FE, and 1), 6, the angle between #: and J,. The 
equation shows that the total power is the sum of the three 
components of power; but the power in one phase of an 
unbalanced circuit is not one-third of the above expression, 
since each phase will contain components of power resulting 
from zero-sequence voltage and positive-sequence current, 
etc. This power “between sequences”’ is generated in one 
phase and absorbed by the others, and does not appear in 
the expression for total three-phase power. 

Only positive-sequence power is developed by the gene- 
rators. This power is converted to negative-sequence and 
zero-sequence power by circuit dissymmetry such as occurs 
from a single line-to-ground or a line-to-line fault. The 
unbalanced fault, unbalanced load, or other dissymmetry 
in the circuit thus acts as the “generator” for negative- 
sequence and zero-sequence power. 


VII. CONJUGATE SETS OF VECTORS 


Since power in an alternating-current circuit is defined 
as El (the vector & times the conjugate of the vector J), 
some consideration should be given to conjugates of the 
symmetrical-component sets of vectors. <A system of 
positive-sequence vectors are drawn in Fig. 17(a). In 


Toy 


A 


(a) Teor (py 
bi 


Fig. 17—Conjugates of a positive-sequence set of vectors. 


Chapter 2 


(b) 


Te2 
(a) 


Fig. 18—Conjugates of a negative-sequence set of vectors. 


accordance with the definition that the conjugate of a given 
vector is a vector of the same magnitude but displaced the 
sume angle from the reference axis in the opposite direction 
to the given vector, the conjugates of the positive-sequence 
set of vectors are shown in Fig. 17(b). Note that the con- 
jugates to a positive-sequence set of vectors form a negative- 
sequence set of vectors. Similarly, as in Fig. 18, the con- 
jugates to a negative-sequence set of vectors form a posi- 


Tao" Tbo* Teo 


he 


A A 
(b) Tao" lbo=!co 
Fig. 19—Conjugates of a zero-sequence set of vectors. 


tive-sequence set. The conjugate of a zero-sequence set of 
vectors is another zero-sequence set of vectors, see Fig. 19. 


VIIT. SEQUENCE NETWORKS 
5. General Considerations 


One of the most useful concepts arising from symmet- 
rical components is that of the sequence network, which 
is an equivalent network for the balanced power system 
under an imagined operating condition such that only one 
sequence component of voltages and currents is present in 
the system. As shown above for the case of balanced loads 
(and it can be readily shown in general) currents of one 
sequence will create voltage drops of that sequence only, if 
2 power system is balanced (equal series impedances in all 
three phases, cqual mutual impedances between phases, 
rotating machines symmetrical in all three phases, all 
banks of transformers symmetrical in all three phases, 
ete.). There will be no interaction between sequences and 
the sequences are independent. Nearly all power systems 
can be assumed to be balanced except for emergency con- 
ditions such as short-circuits, faults, unbalanced load, un- 
balanced open circuits, or unsymmetrical conditions arising 
in rotating machines. Even under such emergency unbal- 
anced conditions, which usually occur at only one point in 
the system, the remainder of the power system remains 
balanced and an equivalent sequence network can be ob- 
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tained for the balanced part of the system. The advantage 
of the sequence network is that, since currents and voltages 
of only one sequence are present, the three-phase system 
can be represented by an equivalent single-phase diagram. 
The entire sequence network can often be reduced by sim- 
ple manipulation to a single voltage and a single im- 
pedance. The type of unbalance or dissymmetry in the 
circuit can be represented by an interconnection between 
the equivalent sequence networks. 

The positive-sequence network is the only one of the 
three that will contain generated voltages, since alternators 
can be assumed to generate only positive-sequence volt- 
ages. The voltages appearing in the negative- and zero- 
sequence networks will be generated by the unbalance, and 
will appear as voltages impressed on the networks at the 
point of fault. Furthermore, the positive-sequence net- 
work represents the system operating under normal bal- 
anced conditions. For short-circuit studies the internal 
voltages are shorted and the positive sequence network is 
driven by the voltage appearing at the fault before the 
fault occurred according to the theory of Superposition and 
the Compensation Theorems (see Chapter 10, Section 11). 
This gives exactly the increments or changes in system 
quantities over the system. Since the fault current equals 
zero before the fault, the increment alone is the fault cur- 
rent total. However, the normal currents in any branch 
must be added to the calculated fault current in the same 
branch to get the total current in any branch after the 
fault oceurs. 


6. Setting Up the Sequence Networks 


The equivalent circuits for each sequence are set up ‘‘as 
viewed from the fault,” by imagining current of the partic- 
ular sequence to be circulated through the network from 
the fault point, investigating the path of current flow and 
the impedance of each section of the network to currents 
of that sequence. Another approach is to imagine in each 
network a voltage impressed across the terminals of the 
network, and to follow the path of current flow through 
the network, dealing with each sequence separately. It is 
particularly necessary when setting up the zero-sequence 
network to start at the fault point, or point of unbalance, 
since zero-sequence currents might not flow over the entire 
system. Only parts of the system over which zero-sequence 
current will flow, as the result of a zero-sequence voltage 
impressed at the unbalanced point, are included in the 
zero-sequence network “as viewed from the fault.” The 
two terminals. for each network correspond to the two 
points in the three-phase system on either side of the un- 
balance. For the case of shunt faults between conductors 
and ground, one terminal of each network will be the fault 
point in the three-phase system, the other terminal will be 
ground or neutral at that point. For a series unbalance, 
such as an open conductor, the two terminals will cor- 
respond to the two points in the three-phase system im- 
mediately adjacent to the unbalance. 


7. Sequence Impedances of Lines, Transformers, 
and Rotating Machinery 


The impedance of any unit of the system—such as a 
generator, a transformer, or a section of line—to be in- 
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serted in a sequence network is obtained by imagining unit 
current of that sequence to be circulated through the 
apparatus or line in all three phases, and writing the equa- 
tion for the voltage drop; or by actually measuring the 
voltage drop when current of the one sequence being in- 
vestigated is circulated through the three phases of the 
apparatus. The impedance to negative-sequence currents 
for all static non-rotating apparatus will be equal to the 
impedance for positive-sequence currents. The impedance 
to negative-sequence currents for rotating apparatus will 
in general be different from the impedance to positive 
sequence. The impedance to zero-sequence currents for all 
apparatus will in general be different from either the im- 
pedance to positive-sequence or the impedance to negative- 
sequence. The sequence impedance characteristics of the 
component parts of a power system have been investigated 
in detail and are discussed in Chaps. 8, 4, 5, and 6. 

An impedance in the neutral will not appear in either the 
positive-sequence network or the negative-sequence net- 
work, since the three-phase currents of either sequence add 
to zero at the neutral; an equivalent impedance equal to 
three times the chmic neutral impedance will appear in the 
zero-sequence network, however, since the zero-sequence 
currents flowing in the three phases, Jy add directly to give 
a neutral current of 3Jo. 


8. Assumed Direction of Current Flow 


By convention, the positive direction of current flow in 
each sequence network is taken as being outward at the 
faulted or unbalanced point; thus the sequence currents are 
assumed to flow in the same direction in all three sequence 
networks. This convention of assumed current flow must 
be carefully followed to avoid ambiguity or error even 
though some of the currents are negative. After the cur- 
rents flowing in each network have been determined, the 
sequence voltage at any point in the network can be found 
by subtracting the impedance drops of that sequence from 
the generated voltages, taking the neutral point of the net- 
work as the point of zero voltage. For example, if the im- 
pedances to positive-, negative-, and zero-sequence be- 
tween neutral and the point in question are Z1, Zz, and Zp, 
respectively, the sequence voltages at the point will be 


By=Eu—-hZy 
By= —15Z 5 (23) 
Ey= —1pZ 


where £,; is the generated positive-sequence voltage, the 
positive-sequence network being the only one of the three 
having a generated voltage between neutral and the point 
for which voltages are to be found. In particular, if Z;, 
Z, and Zp are the total equivalent impedances of the net- 
works to the point of fault, then Eg. (23) gives the se- 
quence voltages at the fault. 

Distribution Factors—If several types of unbalance 
are to be investigated for one point in the system, it is 
convenient to find distribution factors for each sequence 
current by circulating unit sequence current in the ter- 
minals of each network, letting it flow through the net- 
work and finding how this current distributes in various 
branches. Regardless of the type of fault, and the mag- 
nitude of sequence current at the fault, the current will 
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distribute through each network in accordance with the 
distribution factors found for unit current. This follows 
from the fact that within any one of the three networks 
the currents and voltages of that sequence are entirely 
independent of the other two sequences. 

These points will be clarified by detailed consideration 
of a specific example at the end of this chapter. 


IX. CONNECTIONS BETWEEN THE 
SEQUENCE NETWORKS 


As discussed in Part II, Sec. 3 of this chapter, any un- 
balance or dissymmetry in the system will result in mutual 
action between the sequences, so that it is to be expected 
that the sequence networks will have mutual coupling, or 
possibly direct connections, between them at the point of 
unbalance. Equations can be written for the conditions 
existing at the point of unbalance that show the coupling 
or connections necessarily existing between the sequence 
networks at that point. 

As pointed out in Sec. 5, it is usually sufficiently accurate 
to reduce a given system to an equivalent source and single 
reactance to the point of fault. This in effect means that 
the system is reduced to a single generator with a fault 
applied at its terminals. Figs. 20(a) through 20(e) show 
such an equivalent system with the more common types of 
faults applied. For example Fig. 20(a) is drawn for a three- 
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(a) Three-phase short circuit on generator. 
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(b) Single-line-to-ground fault on ungrounded generator. 


(ce) Single-line-to-ground fault on generator grounded through 


a neutral reactor. 


(d) Line-to-line fault on grounded or ungrounded generator. 
(e) Double-line-to-ground fault on generator grounded through 
a neutral reactor. 
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Fig. 21—Connection of the sequence networks to represent shunt and series unbalanced conditions. For shunt unbalances 

the faulted point in the system is represented by F and neutral by N. Corresponding points are represented in the sequence 

networks by the letter with a sequence subscript. P, N, and Z refer to the positive-, negative-, and zero-sequence networks, 

respectively. For series unbalances, points in the system adjacent to the unbalance are represented by X and Y. Nis again 
the neutral, 
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phase fault on the system. Part (1) shows the equivalent 
system (2) the corresponding positive- negative- and zero- 
sequence diagrams, and (3) the shorthand representation 
of the sequence diagrams. Part (4) is a vector diagram 
showing graphically the relationship between the various 
voltages and currents. In the zero-sequence diagrams of 
(2) and (3) a distinction is made between ‘neutral’, N, 
and “ground”, G. In the positive- and negative-sequence 
networks no such distinction is necessary, since by their 
definition positive- and negative-sequence quantities are 
balanced with respect to neutral. For example, all pos- 
itive- and negative-sequence currents add to zero at the 
system neutral so that the terms “neutral” and “ground” 
are synonymous. Zero-sequence quantities however, are 
not balanced with respect to neutral. Thus, by their 
nature zero-sequence currents require a neutral or ground 
return path. In many cases impedance exists between 
neutral and ground and when zero-sequence currents flow a 
voltage drop exists between neutral and ground. There- 
fore, it is necessary that one be specific when speaking of 
line-to-ncutral and line-to-ground zero-sequence voltages. 
‘They are the same only when no impedance exists between 
the neutral and ground. 

In parts (3) of Fig. 20(a) all portions of the network 
within the boxes are balanced and only the terminals at 
the point of unbalance are brought out. The networks as 
shown are for the “a” or reference phase only. In Eqs. (25) 
through (29) the zero-sequence impedance, Zo, is infinite 
for the case of Fig. 20(b) and includes 3Xq in the case of 
Fig. 20(e). Fig. 21 gives a summary of the connections 
required to represent the more common types of faults 
encountered in power system work. 

Equations for calculating the sequence quantities at the 
point of unbalance are given below for the unbalanced con- 
ditions that occur frequently. In these equations Fy,r, 
Esp, and Eyr are components of the line-to-neutral volt- 
ages at the point of unbalance; Jir, Jor, and Jor are com- 
ponents of the fault current J; Z1, Zz, and Z, are imped- 
ances of the system (as viewed from the unbalanced 
terminals) to the flow of the sequence currents; and F, is 
the line-to-neutral positive-sequence generated voltage. 
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12. Double Line-to-Ground Fault—Fig. 20(e) 
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15. Impedance in One Line—Fig. 21(s) 
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Tf two or more unbalances occur simultaneously, mutual 
coupling or connections will occur between the sequence 


networks at each point of unbalance, and if the unbalances 
are not symmetrical with respect to the same phase, the 
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connections will have to be made through phase-shifting 
transformers. The analysis in the cases of simultaneous 
faults is considerably more complicated than for single 
unbalances. 

No assumptions were made in the derivation of the rep- 
resentation of the shunt and series unbalances of Fig. 21 
that would not permit the application of the same prin- 
ciples to simultaneous faults on multiple unbalances. In 
fact various cases of single unbalance can be combined to 
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FAULT ON PHASE B AND OPEN CONDUCTOR 
ON PHASE A. 


(d) 


SIMULTANEOUS SINGLE LINE-TO-GROUND 
FAULT ON PHASE GC AND OPEN CONDUCTOR 
ON PHASE A. 

(e) 


SIMULTANEOUS SINGLE LINE-TO~ GROUND 
FAULTS ON PHASES A AND B AT OIFFERENT 
LOCATIONS. 


(f) 


Fig. 22—-Connections between the sequence networks for typical cases of multiple unbalances. 
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form the proper restraints or terminal conncctions to rep- 
resent multiple unbalances. For example, the representa- 
tion for a simultaneous single line-to-ground fault on phase 
“q” and a line-to-line fault on phases “‘b” and ‘‘c” can be 
derived by satisfying the terminal connections of Figs. 
21(d) and 21(f). Fig. 21(d) dictates that the three net- 
works be connected in series, while Fig. 21(f) shows the 
positive- and negative-sequence networks in parallel. Both 
of these requirements can be met simultaneously as shown 
in Fig. 22(a). Simultaneous faults that are not sym- 
metrical to the reference phase can be represented by sim- 
jlar connections using ideal transformers or phase shifters 
to shift the sequence voltages and currents originating in 
all of the unbalances except the first or reference condition. 
The fault involving phase “a” is usually taken as the 
reference and all others are shifted by the proper amount 
before making the terminal connections required to satisfy 
that particular type of fault. The positive-, negative-, and 
zero-sequence shifts, respectively for an unbalance that is 
symmetrical to phase “a” are 1, 1, 1; ‘‘b” phase a’, a, 1; 
to “ec” phase a, a?, 1. A few multiple unbalances that may 
occur at one point in a system simultaneously are given in 
Vig. 22, which also gives one illustration of simultaneous 
faults at different points in a system with one fault not 
symmetrical with respect to phase a. 

To summarize, the procedure in finding voltages and 
currents throughout a system during fault conditions is: 
(1) set up each sequence network as viewed from the fault, 
(2) find the distribution factors for each sequence current 
throughout its network, (3) reduce the network to as sim- 
ple a circuit as possible, (4) make the proper connection 
between the networks at the fault point to represent the 
unbalanced condition, (5) solve the resulting single-phase 
circuit for the sequence currents at the fault, (6) find the 
sequence components of voltage and current at the desired 
locations in the system. The positive-sequence voltage to 
be used, and the machine impedances, in step (5) depend 
upon when the fault currents and voltages are desired; if 
immediately after the fault occurs, in general, use sub- 
transient reactances and the voltage back of subtransient 
reactance immediately preceding the fault; if a few cycles 
after the fault occurs, use transient reactances and the 
voltage back of transient reactance immediately before the 
fault; and if steady-state conditions are desired, use syn- 
chronous reactances and the voltage back of synchronous 
reactance. If regulators are used, normal bus voltage can 
be used to find steady-state conditions and the machine 


reactance in the positive-sequence network taken as being 
Zero. 


xX. EXAMPLE OF FAULT CALCULATION 
16. Problem 


_ Let us assume the typical transmission system shown 
in Fig. 23(a) to have a single line-to-ground fault on one 
end of the 66 kv line as shown. The line construction is 
given in Fig. 23(b) and the generator constants in Fig. 
23(c). Calculate the following: 
(a) Positive-sequence reactance to the point of fault. 
(b) Negative-sequence reactance to the point of fault. 
(c) Zero-sequence reactance to the point of fault. 
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25000 KVA 20000 KVA 
“4 x=10% > X=9% 
40 MILES-I10 KV 
: S 13.8 KV 
_. 30 MILES [0 MILES e 
t 66 KV 66 KV 
"XSL , 2 
a4 PORN AD 
25000 KVA FAULT 5000 KVA_ 15000 KVA 
X=8% (a)_X=5% X28% 
4s'i— 10' ie 
a ace ve laas eae 
45' 45° 
60! 
NWO KV LINE 66 KV LINE 


CONDUCTOR 4/0 CU, CONDUCTOR 4/0 CU. 
ALL GROUND WIRES 0.375 E88 STEEL 


(b) 


GENERATOR 6G, GENERATOR Gop 


50,000 KVA 37,500 KVA 
NEUTRAL GROUNDED THROUGH 4% REACT. NEUTRAL UNGROUNDED 
Xq = 100% Xa =130% 
X'a= 21% X'd= 25% 
X"g= 12% X"ge [7% 
Xo= 12% Xp= 17% 
Xo 6% Xor o% 


(c) 


Fig. 23—Typical system assumed for fault calculation. 
(a) System single-line diagram. 
(b) Line construction. 
(c) Tabulation of generator constants. 


(d) Fault current. 

(e) Line currents, line-to-ground voltages, and line-to- 
line voltages at the breaker adjacent to the fault. 

(f) Line currents, line-to-ground voltages, and line-to- 
line voltages at the terminals of G’. 

(g) Line currents, line-to-ground voltages, and line-to- 
line voltages at the 110 kv breaker adjacent to the 
25,000 kva transformer. 


17. Assumptions 


(1) That the fault currents are to be calculated using 
transient reactances. 

(2) A base of 50,000 kva for the calculations. 

(3) That all resistances can be neglected. 

(4) That a voltage, positive-sequence, as viewed from 
the fault of 7 100% will be used for reference. This 


6,000 


: 6 
is an assumed voltage of 7 V3 volts between 


line “a”? and neutral. 

(5) That the reference phases on either side of the star- 
delta transformers are chosen such that positive- 
sequence voltage on the high side is advanced 30° in 
phase position from the positive-sequence voltage on 
the low side of the transformer. 
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18. Line Reactances (Refer to Chap. 3) 


Positive- and Negative-Sequence Reactances of 
the 110 kv Line. 


For 4/0 copper conductors z,=0.497 ohms per mile. 
La=}(xa for 14 feet+zx, for 14 feet+-x,4 for 28 feet). 
=1(0.320+0.320+0.404) =0.348 ohms per mile. 

Dy =. =2,+24= 0.497 +0.348 =0.845 ohms per mile. 


Positive- and Negative-Sequence Reactances of 
the 66 kv Line. 


x,=0.497 ohms per mile. 

t4=4(vu for 10 feet+zy for 10 feet+z, for 20 feet) 
= 1(0.279+0.279+0.364) =0.307 ohms per mile. 

21 = 2. =2L,+2a=0.497+0.307 =0.804 ohms per mile. 


Zero-Sequence Reactances—Since zero-sequence 
currents flowing in either the 110- or the 66-kv line will in- 
duce a zero-sequence voltage in the other line and in all 
three ground wires, the zero-sequence mutual reactances 
between lines, between each line and the two sets of ground 
wires, and between the two sets of ground wires, must be 
evaluated as well as the zero-sequence self reactances. In- 
deed, the zero-sequence self reactance of either the 110- 
or the 66-kv line will be affected by the mutual coupling 
existing with all of the ground wires. The three conductors 
of the 110-kv line, with ground return, are assumed to form 
one zero-sequence circuit, denoted by “a” in Fig. 24; the 
two ground conductors for this line, with ground return, 
form the zero-sequence circuit denoted “g’’; the three con- 
ductors for the 66-kv line, with ground return, form the 
zero-sequence circuit denoted “‘a’”’; and the single ground 
wire for the 66-kv line, with ground return, forms the zero- 
sequence circuit denoted “g’.”’ Although not strictly cor- 
rect, we assume the currents carried by the two ground 
wires of circuit ‘‘g’’ are equal. Then let: 


a a as ah ‘ ee et 

\¢@ qg @} i CO 

Nei ace cect clu 7 Sere 
| cae, \ Ia aa aT EGA 
{Oo a@ oO Qo} \o o a 8} 
Mego ke eee <p Ni ine usin wp el me ii mip ol se ca 


Fig. 24—Zero-sequence circuits formed by the 110 kv line (a), 
the 66 kv line (a’), the two ground wires (g), and the single 
ground wire (g’). 


Ey = zero-sequence voltage of circuit a 

Eo = zero-sequence voltage of circuit g=0, since the 
ground wires are assumed to be continuously 
grounded. 

Ey = zero-sequence voltage of circuit a’ 

E,o= zero-sequence voltage of circuit g’=0, since the 
ground wire is assumed to be continuously 
grounded. 

9 = zero-sequence current of circuit a 
I ,=zero-sequence current of circuit g 
I =zero-sequence current of circuit a’ 
I,/ = zero-sequence current of circuit 9g’ 


It should be remembered that unit J) is one ampere in 
each of the three line conductors with three amperes re- 
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turning in ground; unit 7, is 3/2 amperes in each of the 
two ground wires with three amperes returning in the 
ground; unit J)’ is one ampere in each of the three line con- 
ductors with three amperes returning in the ground; and 
unit J,’ is three amperes in the ground wire with three 
amperes returning in the ground. 


These quantities are inter-related as follows: 
Eo = Lo2o¢ay +L x20¢ag) + 10 Zotaa’y +1 ¢ 2008") 
Ego = [20 (ag) +1520 ¢g) + Ty Zon’) + 1 ¢20( ae") =0 
, 
Eg = Loeotan’y +1 20a’ +10 Zo¢a’y +1 ¢ Z0¢a'e’) 
Ee ao LoZ0(ae") + I gZ0( ge’) + LZ (a'e’) + 1 Z0(a") =0 


where 


Zo(a) = zero-sequence self reactance of the a circuit 
=2,+%.—7 (rq for 14 feet+2xq for 14 feet+z,y for 
28 feet) 
= 0.497 + 2.89 — 2(0.348) = 2.69 ohms per mile. 


Zoca’) = zero-sequence self reactance of the a’ circuit 
=2,+2.—2(r4 for 10 feet+2g for 10 feet+za for 
20 feet) 
=0.497 + 2.89 —2(0.307) =2.77 ohms per mile. 


Zo(g) = zero-sequence self reactance of the g circuit 
= $2,+2.—#(xq for 14.5 feet) 
= $(2.79) + 2.89 — (0.324) =6.59 ohms per mile. 


Zo(g’) = zero-sequence self reactance of the g’ circuit 
=32,+2%. 
== 3(2.79) +2.89 =11.26 ohms per mile. 


Zo(ag) = Zero-sequence mutual reactance between the a 
and g circuits 
=2,—3(tq for 12.06 feet+2x, for 12.06 feet+ 2x4 for 
12.35 feet+zqa for 12.35 feet+z4 for 23.5 feet 
+2, for 23.5 feet) 
= 2.89 —3(0.3303) = 1.90 ohms per mile. 


Zo(aa’) = Zero-sequence mutual reactance between the a 
and a’ circuits 
=2,—$(xq for 60 feet+2,4 for 50 feet-+x,y for 70 feet 
+24 for 46 feett+aq for 36 feet+2xq4 for 56 feet 
+2 for 74 feet-+2, for 64 feet-+zy for 8+ feet) 
= 2.89 —3(0.493) = 1.411 ohms per mile. 


2o(ag") = zero-sequence mutual reactance between the a 
and q’ circuits. 
= 2,—3(2xq for 75 feet +24 for 62 feet-+zq for 48 feet) 
= 2.89 —3(0.498) = 1.40 ohms per mile. 


Zo(a’g) = ZeTO-sequence mutual reactance between the a’ 
and g’ circuits. 
=2%.—3(xa for 15 feet+24 for 18.03 feet+2q for 
18.03 feet) 
= 2.89 -3(0.344) =1.86 ohms per mile. ° 


Similar definitions apply for Zoca’g) and Zo(gg’). In each 
case the zero-sequence mutual reactance between two cir- 
cuits is equal to z, minus three times the average of the 
xa’s for all possible distances between conductors of the 
two circuits. 

The zero-sequence self reactance of the 110-kv line in 
the presence of all zero-sequence circuits is obtained by 
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. 


letting I: be zero in the above equations and solving for 
2 Carrying out this rather tedious process, it will be 


0 
found that 
E , 
7 = 2.05 ohms per mile. 
0 
The zero-sequence self reactance of the 66-kv line in 
the presence of all zero-sequence circuits is obtained by 


: : , ; Ey 
letting Z) be zero in the equations and solving for 7 It 
i 


will be found that 
Ey : 
70 = 2.25 ohms per mile. 
0 
The zero-sequence mutual reactance between the 66- 
and the 110-kv line in the presence of all zero-sequence 


or 


ae) 


422.5% 


j59.7% 


; 7 ON, 
cS. joeay 
== P, r ? : 
Ke) Be ae AS 
ON, 
Z,=j26.4% 


Fig. 25—-Reduction of the positive-sequence network and the 
positive-sequence distribution factors. 
circuits is obtained by letting Jo’ be zero and solving for 


EJ 
T When this is done, it will be found that 


Ey . , Ey . : 
7, (vith Iy =0) =n I,=0) =0.87 ohms per mile. 
0 


19. The Sequence Networks 


The sequence networks are shown in Figs. 25, 26, and 
27, with all reactances expressed in percent on a 50 000- 
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j20% 


jl4% 


j22.5% 


j369%  j267% 


jlo% j22.7% 


22*]21.0% 


Fig. 26—Reduction of the negative-sequence network and the 
negative sequence distribution factors. 


kva base and the networks set up as viewed from the 
fault. Illustrative examples of expressing these react- 
ances in percent on a 50 000-kva base follow: 


Positive-sequence reactance of G:= 
(50 000) 


2) (37 500) 


= 33.38% 


Positive-sequence reactance of the 66-kv line= 


(0.804) (40) (50 000) 


(66) (66) (10) =e 


Positive-sequence reactance of the 110-kv line= 


(0.845) (40) (50 000) _ 
(110) (110) (10) = 14% 


Zero-sequence mutual reactance between the 66- and the 
110-kv line for the 30 mile section = 


(0.87) (30) (50 000) _ 
(110) (66) (10) 18% 


The distribution factors are shown on each sequence 
network; obtained by finding the distribution of one am- 
pere taken as flowing out at the fault. 

Fach network is finally reduced to one equivalent im- 
pedance as viewed from the fault. 
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j25.8% j267% 


jte% 0388 


j775% j46.5% 


j20.93% 


jl5.2% 


j16% j82.2% 


292137 % 


Fig. 27—Reduction of the zero-sequence network and the 
zero-sequence distribution factors. 
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20. Voltages and Currents at the Fault 


The sequence networks are connected in series to rep- 
resent a single line-to-ground fault. The total reactance 
of the resulting single-phase network is 


Lit Z2e%tZo% = 26.4% 4+21.0%4+ 13.7% =61.1%. 

j100% 

jOLA% 

Since normal current for the 66-kv circuit (for a base 
kva of 50 000) 

_ 50000 

— V3X66 

Inp=1,=T2= (1.637) (437.5) =715 amperes. 


The total fault current = 
Loth+J,=4.911 p.u.=2145 amperes. 
Yhe sequence voltages at the fault: 
Ey = Ey — 1,2, =7100% —j (1.637) (26.4) % =756.9% 
=721 700 volts. 
Ey = —12Z.= —7(1.637) (21)% = —j34.4% = —713 100 
volts. 
Ey = —IhZyp= —j (1.637) (13.7) % = —J22.5% = —J8 600 
volts. 
Eyg=Eot Ei t+H,.=0 
Eyg=Eyt+@E +ak,=30 200—712 900 
= 32 800 volts. 
Ew=Ey tah, +E, = —30 200—712 900 
= 32 800 volts. 
Eup = Exg— Eg = —30 2004712 900 =32 800 volts. 
Eye= Epg— Eg = 60 400 volts. 
Boa Eog— Eag= —30 200—712 900 =32 800 volts. 


Then: = 1.637 p.u. 


lor = liv = Tor = 


= 437.5 amperes. 


21. Voltages and Currents at the Breaker Adjacent 
to the Fault 


Using the distribution factors in the sequence net- 
works at this point: 


I, = (0.752) (1.637) = 1.231 p.u.=540 amperes. 
I,= (0.768) (1.637) = 1.258 p.u. =550 amperes. 
Ip = (0.859) (1.637) = 1.407 p.u.=615 amperes. 
I,=Ihtl,+1/.,=1705 amperes. 
I,=Iy+a*l,+al,=70+ 78.6 =70.5 amperes. 
Io=Ih+ah+a7l,=70—78.6=70.5 amperes. 


The line-to-ground and line-to-line voltages at this 
point are equal to those calculated for the fault. 


22. Voltages and Currents at the Breaker Adjacent 
to Generator G,; 
The base, or normal, voltage at this point is 13 800 volts 
line-to-line, or 7960 volts line-to-neutral. 
50 000 


The base, or normal, current at this point 8S 73x13.8 


~ = 2090 amperes. Since a star-delta transformation is 


involved, there will be a phase shift mn positive- and 
negative-sequence quantities. 
I, = (0.684) (1.637) (2090) «i = 2340 amperes 
= 2030 —71170. 
In= (0.725) (1.637) (2090)e*i = 2480 amperes 
= 2150+ 71240. 
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Ip=0. 

Ta=Iot+hi+J2.= 4180+ 770 = 4180 amperes. 

In= Ip +7, +al,= — 4180+ 70 = 4180 amperes. 
I.=Iyptalh+al,= —j140 = 140 amperes. 


The sequence voltages at this point are: 


E, = (j100% —j0.684 X21 X 1.637% )e“ = — 0776.5% 
= 3045+ 75270 volts. 
2= (—j0.725 X 12 1.637%) e® = —a14.2% 
= 565 —j980 volts. 
Ey =0. 
Bug = E\+ E,=3610+ 4290 = 5600 volts. 
Eyg= EH +a, = 3610 —74290 = 5600 volts. 
Eeg= ahi t+@H.= —7220=7220 volts. 
Ey = +78580 = 8580 volts. 
Ey-= 10 880 —7j4290 = 11 650 volts. 
Eo.= —10 830—74290 = 11 650 volts. 


23. Voltages and Currents at the 110-kv Breaker 
Adjacent to the 25 000 kva Transformer 


The base, or normal, voltage at this point is 110 000 
volts line-to-line; or 63 500 volts line-to-neutral. 
50 000 


The base, or normal, current at this point is V3xX110 


= 262 amperes. 


The sequence currents at this point are: 


I, = (—0.068) (1.637) (262) = —29.2 amperes. 
I, = (—0.043) (1.637) (262) = —18.4 amperes. 
Ig = (0.039) (1.637) (262) = 16.7 amperes. 
l,=lo+fi+l,= —30.9=30.9 amperes. 


ate ToRRiGN TE (KW OREIDA 


Q.\u} ey + 6,044 x) 6 
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Th=Iop+a?h+al.=40.5+ 79.35 = 41.6 amperes, 
T.=Iopt+ali+a7/.=40.5—79.35 =41.6 amperes, 


The sequence voltages at this point are: 


E,=j100% —j(0.684) (1.637) (21)% 
—j(—0.068) (1.637) (20) % =j78.7% 
=750 000 volts. 
E2= —j(0.725) (1.637) (12)% 
—j(—0.043) (1.637) (20)% = —j12.8% 
= —78130 volts. 
Ey = —j(0.039) (1.637) (20) % = —j1.3% = —j825 volts. 
Eyg= Ey tht E,=j41 000=41 000 volts. 
Ey = Byte, +ak,= 50 300—721 750 =54 800 volts. 
EF g= Ey tak, +aF2= —50 300—721 750 = 54 800 volts. 
Ey = —50 300+ 762 750= 80 400 volts. 
Ey.= 100 600 = 100 600 volts. 
E = —50 300—762 750= 80 400 volts. 
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CHAPTER 3 


CHARACTERISTICS OF AERIAL LINES 


Original Authors: 
Sherwin H. Wright and C. F. Hall 
N the design, operation, and expansion of electrical 
I power systems it is necessary to know electrical and 
physical characteristics of conductors used in the con- 
struction of aerial distribution and transmission lines. 

This chapter presents a description of the common types 
of conductors along with tabulations of their important 
electrical and physical characteristics. General formulas 
are presented with their derivation to show the basis of the 
tabulated values and as a guide in calculating data for 
other conductors of similar shapes, dimensions, composi- 
tion and operating conditions. 

Also included are the more commonly used symmetrical- 
component-sequence impedance equations that are applic- 
able to the solution of power system problems involving 
voltage regulation, load flow, stability, system currents, 
and voltages under fault conditions, or other system prob- 
lems where the electrical characteristics of aerial lines are 
involved. 

Additional formulas are given to permit calculation of 
approximate current-carrying capacity of conductors 
taking into account such factors as convection and radia- 
tion losses as influenced by ambient temperature, wind 
velocity, and permissible temperature rise. 


I. TYPES OF CONDUCTORS 


In the electric-power field the following types of con- 
ductors are generally used for high-voltage power transmis- 
sion lines: stranded copper conductors, hollow copper con- 
ductors, and ACSR (aluminum cable, steel reinforced). 

Other types of conductors such as Copperweld and Cop- 
perweld-Copper conductors are also used for transmission 
and distribution lines. Use is made of Copperweld, bronze, 
copper bronze, and steel for current-carrying conductors 
on rural lines, as overhead ground wires for transmission 
lines, as buried counterpoises at the base of transmission 
towers, and also for long river crossings. 

A stranded conductor, typical of both copper and steel 
conductors in the larger sizes, is shown in Fig. 1. A strand- 
ed conductor is easier to handle and is more flexible than a 
solid conductor, particularly in the larger sizes. 

A typical ACSR conductor is illustrated in Fig. 2. In 
this type of conductor, aluminum strands are wound about 
a core -of stranded steel. Varying relationships between 
tensile strength and current-carrying capacity as well as 
overall size of conductor can be obtained by varying the 
proportions of steel and aluminum. By the use of a filler, 
such as paper, between the outer aluminum strands and 
the inner steel strands, a conductor of large diameter can 
be obtained for use in high voltage lines. This type of con- 
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Tremaine 


Courtesy of General Cable Corporation 


Fig. 1—A typical stranded conductor, (bare copper). 


Courtesy of Aluminum Company of America 


Fig. 2—A typical ACSR conductor. 


Courtesy of Aluminum Company of America 


Fig. 3—A typical ‘‘expanded’’ ACSR conductor. 


Courtesy of Anaconda Wire and Cable Company 


Fig. 4—A typical Anaconda Hollow Copper Conductor. 


ductor is known as “expanded” ACSR and is shown in 
Fig. 3. 

In Fig. 4 is shown a representative Anaconda Hollow 
Copper Conductor. It consists of a twisted copper “I” 
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Courtesy of General Cable Corporation 


Fig. 5—A typical General Cable Type HH. 
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Courtesy of Copperweld Steel Company 
Fig. 6—A typical Copperweld conductor. 


Courtesy of Copperweld Steel Company 
Fig. 7—Typical Copperweld-Copper conductors 


(a) Upper photograph-Type V 
(b) Lower photograph-Type F 


beam as a core about which strands of copper wire are 
wound. The “I” beam is twisted in a direction opposite to 
that of the inner layer of strands. 

Another form of hollow copper conductor is shown in 
Fig. 5. Known as the General Cable Type HH hollow cop- 
per conductor, it is made up of segmental sections of cop- 
per mortised into each other to form a self-supporting 
hollow cylinder. Hollow copper conductors result in con- 
ductors of large diameter for a given cross section of copper. 
Corona losses are therefore smaller. This construction also 
produces a reduction in skin effect as well as inductance as 
compared with stranded conductors. A discussion of large 
diameter conductors and their characteristics is given in 
reference 1. 

Copperweld conductors consist of different numbers of 
copper-coated steel strands, a typical conductor being illus- 
trated in Fig. 6. Strength is provided by the core of steel 
and protection by the outer coating of copper. 

When high current-carrying capacities are desired as 
well as high tensile strength, copper strands are used with 
Copperweld strands to form Copperweld-Copper conduct- 
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ors as shown in Fig. 7. Different relationships between 
current-carrying capacity, outside diameter, and tensile 
strength can be obtained by varying the number and size 
of the Copperweld and copper strands. 


Ii, ELECTRICAL CHARACTERISTICS OF 
AERIAL CONDUCTORS 


The following discussion is primarily concerned with the 
development of electrical characteristics and constants of 
aerial conductors, particularly those required for analysis 
of power-system problems. The constants developed are 
particularly useful in the application of the principles of 
symmetrical components to the solution of power-system 
problems involving positive-, negative-, and zero-sequence 
impedances of transmission and distribution lines. The 
basic quantities needed are the positive-, negative-, and 
zero-sequence resistances, inductive reactances and shunt 
capacitive reactances of the various types of conductors 
and some general equations showing how these quantities 
are used. 


1. Positive- and Negative-Sequence Resistance 


The resistance of an aerial conductor is affected by the 
three factors: temperature, frequency, current clensity. 
Practical formulas and methods will now be given to take 
into account these factors. 

Temperature Effect on Resistance—The resistance 
of copper and aluminum conductors varies almost dli- 
rectly with temperature. While this variation is not strictly 
linear for an extremely wide range of temperatures, for 
practical purposes it can be considered linear over the 
range of temperatures normally encountered. 

When the d-c resistance of a conductor at a given tem- 
perature is known and it is desired to find the d-c resistance 
at some other temperature, the following general formula 
may be used. 


Re M+te (1) 
Ru M+ti 
where 


Ri.=d-c resistance at any temperature tz degree C. 
Ris=d-c resistance at any other temperature t degree C. 
M =a constant for any one type of conductor material. 
=inferred absolute zero temperature. 
= 234.5 for annéaled 100 percent conductivity copper. 
=241.5 for hard drawn 97.3 percent conductivity 
copper. 
= 228.1 for aluminum. 


The above formula is useful for evaluating changes in 
d-c resistance only, and cannot be used to give a-c resist- 
ance variations unless skin effect can be neglected. For 
small conductor sizes the frequency has a negligible effect 
on resistance in the d-c to 60-cycle range. This is generally 
true for conductor sizes up to 2/0. 

The variations of resistance with temperature are usually 
unimportant because the actual ambient temperature is 
indefinite as well as variable along a transmission line. An 
illustration of percentage change in resistance is when tem- 
perature varies from winter to summer over a range of 
0 degree C to 40 degrees C (32 degrees F to 104 degrees F) 
in which case copper resistance increases 17 percent. 
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Skin Effect in Straight Round Wires-— The resist- 
ance of non-magnetic conductors varies not only with tem- 
perature but also with frequency. This is due to skin effect. 
Skin effect is due to the current flowing nearer the outer 
surface of the conductor as a result of non-uniform flux 
distribution in the conductor. This increases the resistance 
of the conductor by reducing the effective cross section of 
the conductor through which the current flows. 

The conductor tables give the resistance at commercial 
frequencies of 25, 50, and 60 cycles. For other frequencies 
the following formula should be used. 


rt=Krg. ohms per mile (2) 


where 
ry=the a-c resistance at the desired frequency 
(cycles per second). 
rae = d-c resistance at any known temperature. 
K=value given in Table 5. 


In Table 5, K is given as a function of X, where 


X = 063598 uf (3) 
T mile 


f=frequency in cycles per second. 
“= permeability = 1.0 for non-magnetic materials. 
Tr mite = d-c resistance of the conductor in ohms per mile. 


Table 5 (skin effect table) is carried in the Bureau of 
Standards Bulletin No. 169 on pages 226-8, to values of 
X=100. To facilitate interpolation over a small range of 
the table, it is accurate as well as convenient to plot a curve 
of the values of K vs. values of X. 

Combined Skin Effect and Temperature Effect 
on Resistance of Straight Round Wires—When both 
temperature and skin effect are considered in determining 
conductor resistance, the following procedure is followed. 

First calculate the d-c resistance at the new temperature 
using Eq. (1). Then substitute this new value of d-c re- 
sistance and the desired frequency in the equation defining 
X. Having calculated X, determine K from Table 5. Then 
using Eq. (2), calculate the new a-c resistance rs, using the 
new d-c resistance for rg, and the value of K obtained from 
Table 5. 

Effect of Current on Resistance—The resistance of 
magnetic conductors varies with current magnitude as well 
as with the factors that affect non-magnetic conductors 
(temperature and frequency). 

Current magnitude determines the flux and therefore the 
iron or magnetic losses inside magnetic conductors. The 
presence of this additional factor complicates the determi- 
nation of resistance of magnetic conductors as well as any 
tabulation of such data. For these reasons the effect of 
current magnitude will not be analyzed in detail. How- 
ever, Fig. 8 gives the resistance of steel conductors as a 
function of current, and the tables on magnetic conductors 
such as Copperweld-copper, Copperweld, and ACSR con- 
ductors include resistance tabulations at two current carry- 
ing levels to show this effect. These tabulated resistances 
are generally values obtained by tests. 

Zero-Sequence Resistance—The zero-sequence re- 
sistance of aerial conductors is discussed in detail in the 
section on zero-sequence resistance and inductive react- 
ance given later in the chapter since the resistance and in- 
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Fig. 8—Electrical Characteristics of Steel Ground Wires* 


ductive reactance presented to zero-sequence currents is 
influenced by the distribution of the zero-sequence current 
in the earth return path. 


2. Positive- and Negative-Sequence Inductive Re- 
actance 


To develop the positive- and negative-sequence induc- 
tive reactance of three-phase aerial lines it is first necessary 
to develop a few concepts that greatly simplify the 
problem. 

First, the total inductive reactance of a conductor carry- 
ing current will be considered as the sum of two com- 
ponents: 

*This figure has been taken from Symmetrical Components (a book) 
by C. F. Wagner and R. D. Evans, McGraw-Hill Book Company, 
1933. 
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(1) The inductive reactance due to the flux within a radius of 
one foot from the conductor center, including the flux 
inside the conductor. 

(2) The inductive reactance due to the flux external to a 
radius of one foot and out to some finite distance. 

This concept was first given in Wagner and Evans book on 
Symmetrical Components? and was suggested by W. A. 
Lewis.*8 

It can be shown most easily by considering a two-con- 
ductor single-phase circuit with the current flowing out in 
one conductor and returning in the other. In Fig. 9 such acir- 
cuit isshown with only the flux produced by conductor 1 for 
simplicity. Conductor 2 also produces similar lines of flux. 

The classic inductance formula for a single round straight 

wire in the two-conductor single-phase circuit is: 


L=5t2 In as abhenries per cm. per conductor. (4) 


where 
u=permeability of conductor material. 
r=radius of conductor. 


Dy= distance between conductor 1 and conductor 2. 
Dy and r must be expressed in the same units for the above 
equation to be valid. For practical purposes one foot is 
used as the unit of length since most distances between 
aerial conductors are in feet. In cable circuits, however, 
the distance between conductors is less than one foot and 
the inch is a more common unit (see Chap. 4). 


Selah b 
From derivation formulas a general term such as 2In : 


represents the flux and associated inductance between 
circles of radius a and radius b surrounding a conductor 
carrying current. (See Fig. 10). 

Rewriting Eq. (4) keeping in mind the significance of the 


b 
general term 2]n = 
Du 
1 
ductor (5) 


L= at aln~ + 2in abhenries per cm. per con- 


CONDUCTOR 2 


- | FT RADIUS 


Fig. 9—A two conductor single phase circuit (inductance) 
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Fig. 10—Inductance due to flux between radius a and radius 6 
(2 In 2 abhenries per cm.) 


where = inductance due to the flux inside the conductor. 


ine = inductance due to the flux outside the conductor 
to a radius of one foot. 


Dy. 
2In—" = inductance due to the flux external to a one foot 
radius out to Dy feet where Dy is the distance 
between conductor 1 and conductor 2. 


From Fig. 9 it can be seen that it is unnecessary to in- 
clude the flux beyond the return conductor 2 because this 
flux does not link any net current and therefore does not 
affect the inductance of conductor 1. 

Grouping the terms in Eq. (5) we have: 


oe 1 Dy abhenries per cm. per con- 
ar gg ductor. (6) 
ed 
Ldueto L due 
flux out to flux 
toaone external 
ft. radi- to a l 
us ft. ra- 
dius out 
to Dy ft. 


Examining the terms in the first bracket, it is evident 
that this expression is the sum of the flux both inside the 


conductor (5 and that external to the conductor out to 


a radius of one foot aint . Furthermore this expression 
r 


contains terms that are strictly a function of the conductor 
characteristics of permeability and radius. 

The term in the second bracket of Eq. (6) is an expres- 
sion for inductance due to flux external to a radius of one 
foot and out to a distance of Diz, which, in the two-con- 
ductor case, is the distance between conductor 1 and con- 
ductor 2. This term is not dependent upon the conductor 
characteristics and is dependent only upon conductor 
spacing. 

Equation (6) can be written again as follows: 
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42In Dy abhenries per cm. per (7) 


i= Ina “1 conductor. 


GMR in the first term is the conductor “geometric mean 
radius”. It can be defined as the radius of a tubular con- 
ductor with an infinitesimally thin wall that has the same 
external flux out to a radius of one foot as the internal and 
external flux of solid conductor 1, out to a radius of one 
foot. In other words, GMR is a mathematical radius 
assigned to a solid conductor (or other configuration such 
as stranded conductors), which describes in one term the 
inductance of the conductor due to both its internal flux 


“) and the external flux out to a one foot radius 2In2). 


GMR therefore makes it peeve to replace the two terms 


m 1 
(5+ 2n~) with one term Coated GMR 


pendent upon the conductor characteristics. 
expressed in feet. 

Converting Eq. (7) to practical units of inductive 
reactance, 


x=0. avo4e 


) which is entirely de- 


GMR is 


i 
.2794-— 
amet? "760 


ohms a conductor per mile (8) 
where f=frequency in cps. 
GMR=conductor geometric mean radius in feet. 
Dy,= distance between conductors 1 and 2 in feet. 


If we let the first term be called zx, and the second term 
Za, then 
£=X,+2a ohms per conductor per mile (9) 
where 
X.=inductive reactance due to both the internal 
flux and that external to conductor | to a radius 
of one foot. 
a= inductive reactance due to the flux surrounding 
conductor 1 from a radius of one foot out to a 
radius of Dy feet. 


Dy 
log, 0 logie 4° 


For the two-conductor, single-phase circuit, then, the 


total inductive reactance is 
x= 2(%,+2a) ohms per mile of circuit (10) 


since the circuit has two conductors, or both a “go” and 
“return” conductor. 


Sometimes a tabulated or experimental reactance with’ 


1 foot spacing is known, and from this it is desired to cal- 
culate the conductor GMR. By derivation from Eq. (8) 
1 

aalit= Antilogis Reactance with 1 ft spacing (60 Are aie ay 
0.2794 

When reactance is known not to a one-foot radius but out 
to the conductor surface, it is called the “internal react- 
ance.” The formula for calculating the GMR from the 
“internal reactance” is: 


GMR= 
Antilogio 


physical radius 
“Internal Reactance”’ (60 ee 
0.2794 


The values of GMR at 60 cycles and zx, at 25, 50, and 
60 cycles for each type of conductor are given in the tables 
of electrical characteristics of conductors. They are given 


eet (12) 


Chapter 3 
Solid round conductor. .............000 0c e eee ce eee eeees 0.7794 
Full stranding 
Cage Caged Dalat Aaah ech ou deans ne iow Moen eined aerate 0.726a 
LO Sabi Gary cena tar gnareise matte niga galt ideas tatath Mare hee ses 0.758a 
GOs aed ogee Sila g 2 woot cccaea Se oh neha Sb HE eels wl ok Maen oat em ee 0.7688 
Oliv ce calid bes toed ate Sale Sarde irene s bald atracates 0.7728 
OD pes Pete ee saan aaa eats dace eh Pad keearotecsuag Mee eva ocaste erst coioteetisees 0.774a 
VD Tits 5 ang cosh epee ceoet cose ay th dada ead oe RR Mion Boe 0.776a 
Hollow stranded conductors and A.C.S.R. 
(neglecting stecl strands) 
SO-tWOla ere: osc cad he sed bnsedsbiboudoleeeddinenewed 0.826a 
26-tWO- layers is. coe ew ag ane alee sel gta cowed see 0.809a 
54-three la Ver cc: ane a Seley Pek sane oEa brea nena 4 0.810a 
Single layer A.C.S.R.. 0... ec eeeeeene 0.35a-070a 
Point within circle to circle........0..000 0000 cc cee cece eee a 
Point outside circle to circle............ distance to center of circle 
Rectangular section of sides a and B................. 0.2235(a+8) 


CIRCULAR TUBE 


GMR/oa 


0.2 0.4 0.6 0.8 1.0 
INNER RADIUS 
OUTER RADIUS 
atl/2 QUTSIDE DIAMETER 
Fig. 11—Geometri¢ Mean Radii and Distances. 


RATIO 


PHASE a 


Xao 


Fig. 12—A Three-conductor three-phase circuit (symmetrical 
spacing). 
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in these tables because they are a function of conductor 
characteristics of radius and permeability. Values of La 
for various spacings are given in separate tables in this 
Chapter for 25, 50, and 60 cycles. This factor is de- 
pendent on distance between conductors only, and is not 
associated with the conductor characteristics in any way. 

In addition to the GMR given in the conductor char- 
acteristics tables, it is sometimes necessary to determine 
this quantity for other conductor configurations. Figure 
11 is given for convenience in determining such values of 
GMR. This table is taken from the Wagner and Evans 
book Symmetrical Components, page 138. 

Having developed z, and zu in terms of a two-conductor, 
single-phase circuit, these quantities can be used to de- 
termine the positive- and negative-sequence inductive 
reactance of a three-conductor, three-phase circuit. 

Figure 12 shows a three-conductor, three-phase circuit 
carrying phase currents I., I», Ie produced by line to 
ground voltages E,, Ey, and E,. First, consider the case 
where the three conductors are symmetrically spaced in a 
triangular configuration so that no transpositions are re- 
quired to maintain equal voltage drops in each phase along 
the line. Assume that the three-phase voltages #,, Hp, Ee 
are balanced (equal in magnitude and 120° apart) so that 
they may be either positive- or negative-sequence volt- 
ages. Also assume the currents /,, [p, 7, are also balanced 
so that Z,+/,+7.=0. Therefore no return current flows 
in the earth, which practically eliminates mutual effects 
between the conductors and earth, and the currents J,, 
I,, Ze can be considered as positive- or negative-sequence 
currents. In the following solution, positive- or negative- 
sequence voltages E,, Hy, H., are applied to the conductors 
and corresponding positive- or negative-sequence currents 
are assumed to flow producing voltage drops in each con- 
ductor. The voltage drop per phase, divided by the cur- 
rent per phase results in the positive- or negative-sequence 
inductive reactance per phase for the three-phase circuit. 
To simplify the problem further, consider only one current 
flowing at a time. With all three currents flowing simul- 
taneously, the resultant effect is the sum of the effects pro- 
duced by each current flowing alone. 

Taking phase a, the voltage drop is: 


£,—-E,! = L,€aatlptar tl cae 
where 


(13) 


Yaa = self inductive reactance of conductor a. 

Lap = Mutual inductive reactance between con- 
ductor a, and conductor b. 

Zac= Mutual inductive reactance between con- 
ductor a and conductor c. 


In terms of z, and xg, inductive reactance spacing factor, 

Loa = LatLa (ak) (14) 

where only J, is flowing and returning by a remote path e 
feet away, assumed to be the point k. 

Considering only J, flowing in conductor b and returning 
by the same remote path f feet away, 


Lab = Ld (bk) — Ld (ba) 


(15) 
where z,, is the inductive reactance associated with the 


flux produced by J, that links conductor a out to the return 
path f feet away. 
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Finally, considering only 7, flowing in conductor ¢ and 
returning by the same remote path g feet away. 


(16) 


where Zac 18S the inductive reactance associated with the 
flux produced by J, that links conductor a out to the return 
path g feet away. 

With all three currents J,, 7), 7, flowing simultaneously, 
we have in terms of x, and xq factors: 


Ey— Ea! =1a(xa+2acay) +14 (Lacon) —Lacoa) 


Vac = Ld(ck) — Vda) 


+1 (Xa(ck) — Laccay)- (17) 
Expanding and regrouping the terms we have: 
E,—E,/ = Ta%a— I yLaivn) = I .Xaccay 
Ht Lata caey tl otaiok) tL tare): (18) 


Since J,.=—IJ,—Ip, the terms in the bracket may be 
written 


Ta(Lacak) — Zarek) tT (Lavokey — Lacey) - 
Using the definition of xa, 0.2794 Fog =" , this expression 
can be written 


f se) ( f i) 
7,( 0.27942 log ©” )+.7,(0.27942- log 20%). 
( Oa 60 dias 


Assuming the distances dak, die, and day.) to the remote 
ak) 

—— and 
. dick) Ack) 
approach unity. Since the log of unity is zero, the two 
terms in the bracket are zero, and Eq. (18) reduces to 


dior) 


path approach infinity, then the ratios 


Be— Ey! = [4€,—L ta (oa) ~ DeLana) (19) 
since 
La (ba) = aca) = Taibo) = Xa, and J,= —I,—I,, 
E,—E,! =1,(t.+2a). (20) 
Dividing the equation by /,, 
E,—E,! . 
ht a an Za+zq ohms per phase per mile (21) 
a 
where 


2%,= inductive reactance for conductor a due to the flux 
out to one foot. 

Za=inductive reactance corresponding to the flux ex- 
ternal to a one-foot radius from conductor a out to 
the center of conductor b or conductor ¢ since the 
spacing between conductors is symmetrical. 


Therefore, the positive- or negative-sequence inductive 
reactance per phase for a three-phase circuit with equi- 
lateral spacing is the same as for one conductor of a single- 
phase circuit as previously derived. Values of z, for vari- 
ous conductors are given in the tables of electrical char- 
acteristics of conductors later in the chapter, and the 
values of xq are given in the tables of inductive reactance 
spacing factors for various conductor spacings. 

When the conductors are unsymmetrically spaced, the 
voltage drop for each conductor is different, assuming the 
currents to be equal and balanced. Also, due to the unsym- 
metrical conductor spacing, the magnetic field external to 
the conductors is not zero, thereby causing induced volt- 
ages in adjacent electrical circuits, particularly telephone 
circuits, that may result in telephone interference. 

To reduce this effect to a minimum, the conductors are 
transposed so that each conductor occupies successively the 
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Fig. 13—A Three-conductor three-phase circuit (unsymmet- 
rical spacing). 


same positions as the other two conductors in two successive 
line sections. For three such transposed line sections, called 
a “barrel of transposition”, the total voltage drop for each 
conductor is the same, and any electrical circuit parallel to 
the three transposed sections has a net voltage of very low 
magnitude induced in it due to normal line currents. 

In the following derivation use is made of the general 
equations developed for the case of symmetrically spaced 
conductors. First, the inductive reactance voltage drop of 
phase a in each of the three line sections is obtained. 
Adding these together and dividing by three gives the 
average inductive reactance voltage drop for a line section. 
Referring to Fig. 13 and using Eq. (19) for the first line 
section where J, is flowing in conductor 1, 


Ey— Ef =1¢ta—Tpraaz — 1 Laas). 
In the second line section where /, is flowing in conductor 2, 
DOR ae OF A = Tt_— Tptav2a) —T tan. 
In the third line section where /, is flowing in conductor 3, 
Bl Ba" = Tta— Iptacan — I ,a(32)- 
Taking the average voltage drop per line section, we have 
_(E,—E,)+(#, —Ea')+(#e'—E.") 
ave 


E, 
3 
Bl ata 7, (team +2493) +2aan) 
3 
_ Le(taazy +2403) +2as1) 
3 
ele (a1) Cea ae: ea tial) 
Since 
I.tihh+/.=0, Tg=—(UytT.) 

Boag = Iq( tap esan tT aen FhaeDy 


3 
Dividing by J,, we have the positive- or negative-sequence 
inductive reactance per phase 
%1=22=(X.+2a) ohms per phase per mile 
where 


a= 4(xaa2+2aen +Zacy) ohms per phase 
per mile. 


(22) 


Chapter 3 


Expressed in general terms, 


w= 10.2702 toe daz +log des) tlog da) 


ta=4 0.27044 log dyolo3d 31 
60 

Xa =o0.27942. 

60 

a=0.2794 4 log GMD 


» 


log V diodes 


where GMD (geometrical mean distance) = V. dhedesd3,, and 
is mathematically defined as the nth root of an n-fold 
product. 

For a three-phase circuit where the conductors are not 
symmetrically spaced, we therefore have an expression for 
the positive- or negative-sequence inductive reactance, 
which is similar to the symmetrically spaced case except va 
is the inductive-reactance spacing factor for the GMD 
(geometric mean distance) of the three conductor separa- 
tions. For 2a, then, in the case of unsymmetrical conduct- 
or spacing, we can take the average of the three inductive- 
reactance spacing factors 


a= 3 (aay t2ae3s) +2a1)) ohms per phase per mile 
or we can calculate the GMD of the three spacings 
GMD = WV diodoxda1 feet (23) 


and use the inductive-reactance spacing factor for this 
distance. This latter procedure is perhaps the easier of the 
two methods. 

2, is taken from the tables of electrical characteristics of 
conductors presented later in the chapter, and xa is taken 
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Fig. 14—Quick reference curves for 60-cycle inductive react- 

ance of three-phase lines (per phase) using hard drawn copper 

conductors. For total reactance of single-phase lines multiply 
these values by two. See Eqs. (10) and (21). 
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Fig. 15—Quick reference curves for 60-cycle inductive react- 

ance of three-phase lines (per phase) using ACSR conductors. 

For total reactance of single-phase lines, multiply these 
values by two. See Eqs. (10) and (21). 
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Fig. 16—Quick reference curves for 60-cycle inductive react- 

ance of three-phase lines (per phase) using Copperweld- 

Copper conductors. For total reactance of single-phase lines 
multiply these values by two. See Eqs. (10) and (21). 
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Fig. 17—Quick reference curves for 60-cycle inductive react- 

ance of three-phase lines (per phase) using Copperweld con- 

ductors. For total reactance of single-phase lines multiply 
these values by two. See Eqs. (10) and (21). 


from the tables of inductive-reactance spacing factors. 
Geometric mean distance (GMD) is sometimes referred to 
as “equivalent conductor spacing.” For quick reference 
the-curves of Figs. (14), (15), (16), and (17) have been 
plotted giving the reactance (#.+za) for different con- 
ductor sizes and “equivalent conductor spacings.” 

Since most three-phase lines or circuits do not have con- 
ductors symmetrically spaced, the above formula for posi- 
tive- or negative-sequence inductive reactance is generally 
used. This formula, however, assumes that the circuit Is 
transposed, 

When a single-circuit line or double-circuit line is not 
transposed, either the dissymmetry is to be ignored in the 
calculations, in which case the general symmetrical com- 
ponents methods can be used, or dissymmetry is to be con- 
sidered, thus preventing the use of general symmetrical- 
components methods. In considering this dissymmetry, 
unequal currents and voltages are calculated for the three 
phases even when terminal conditions are balanced. In 
most cases of dissymmetry it is most practical to treat the 
circuit as transposed and use the equations for x; and 2 
derived for an unsymmctrically-spaced transposed circuit 
Some error results from this method but in general it is 
small as compared with the laborious calculations that 
must be made when the method of symmetrical compo- 
nents cannot be used. 
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Positive- and Negative-Sequence Reactance of 
Parallel Circuits—When two parallel three-phase cir- 
cuits are close together, particularly on the same tower, the 
effect of mutual inductance between the two circuits is 
not entirely eliminated by transpositions. By referring to 
Fig. 18 showing two transposed circuits on a single tower, 
the positive- or negative-sequence reactance of the paral- 
leled circuit is: 

he nee od f 1 Vdardrcdea 
Ly = X= 0.27 945 E logio CR conductor 
_ 1 (daa!) (dyn)? | 
Fa 1880 dew) (dae) (doa) 
ohms per phase per mile. 


(24) 
in which the distances are those between conductors in the 
first section of transposition. 

The first term in the above equation is the positive- or 
negative-sequence reactance for the combined circuits. The 
second term represents the correction factor due to the 
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Fig. 18—Two parallel three-phase circuits on a single tower 
showing transpositions. 


mutual reactance between the two circuits and may reduce 
the reactance three to five percent. The formula assumes 
transposition of the conductor as shown in Fig. 18. 
_ The formula also assumes symmetry about the vertical 
axis but not necessarily about the horizontal axis. 

As contrasted with the usual conductor arrangement as 
shown in Fig. 18, the arrangement of conductors shown in 
Fig. 19 might be used. However, this arrangement of con- 
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Fig. 19—Arrangement of conductors on a single tower which 
materially increases the inductance per phase. 


ductors results in five to seven percent greater inductive 
reactance than the usual arrangement of conductors. This 
has been demonstrated in several references.’ 


3. Zero-Sequence Resistance and Inductive Re- 
actance 


The development of zero-sequence resistance and in- 
ductive reactance of aerial lines will be considered simul- 
taneously as they are related quantities. Since zero-se- 
quence currents for three-phase systems are in phase and 
equal in magnitude, they flow out through the phase con- 
ductors and return by a neutral path consisting of the 
earth alone, neutral conductor alone, overhead ground 
wires, or any combination of these. Since the return path 
often consists of the earth alone, or the earth in parallel 
with some other path such as overhead ground wires, it is 
necessary to use a method that takes into account the re- 
sistivity of the earth as well as the current distribution in 
the earth. Since both the zero-sequence resistance and 
inductive-reactance of three-phase circuits are affected by 
these two factors, their development is considered jointly. 

As with the positive- and negative-sequence inductive 
reactance, first consider a single-phase circuit consisting of 
a single conductor grounded at its far end with the earth 
acting as a return conductor to complete the circuit. This 
permits the development of some useful concepts for cal- 
culating the zero-sequence resistance and inductive re- 
actance of three-phase circuits. 

Figure 20 shows a single-phase circuit consisting of a 
single outgoing conductor a, grounded at its far end with 
the return path for the current consisting of the earth. A 
second conductor, b, is shown to illustrate the mutual 
effects produced by current flowing in the single-phase cir- 
cuit. The zero-sequence resistance and inductive reactance 
of this circuit are dependent upon the resistivity of the 
earth and the distribution of the current returning in the 
earth. 

This problem has been analyzed by Rudenberg, Mayr, 


Fig. 20—A single conductor single phase circuit with earth 
return. 
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and Pollaczek in Europe, and Carson and Campbell i in this 
country. The more commonly used method is that of 
Carson, who, like Pollaczek, considered the return current 
to return through the earth, which was assumed to have 
uniform resistivity and to hie of infinite extent. 

The solution of the problem is in two parts: (1) the de- 
termination of the self impedance z, of conductor a with 
earth return (the voltage between @ and earth for unit cur- 
rent in conductor a), and (2), the mutual impedance zgm 
between conductors a and 6 with common earth return 
(the voltage between b and earth for unit current in a and 
earth return). 

As a result of Carson's formulas, and using average 
heights of conductors above ground, the following funda- 
mental simplified equations may be written: 


Ap 
2160 f 


2,=Te+0.00159f-+j0.004657f logio 


GMR 
ohms per mile (25) 
E 
am == 0.00159f+70.004657f logio ak! f 
ohms per mile : (26) 


where 
r.=resistance of conductor a per mile. 
f=frequency in cps. 
p=earth resistivity in ohms per meter cube. 
oe geometric mean radius of conductor a in feet. 
da» = distance between conductors a and b in feet. 


A useful physical concept for analyzing earth-return 
circuits is that of concentrating the current returning 
through the earth in a fictitious conductor at some con- 
siderable depth below the outgoing conductor a. This 
equivalent depth of the fictitious return conductor is rep- 
resented as D,. 

For the single- conductor, single-phase circuit with earth 
return now considered as a single-phase, two-wire circuit, 
the self-inductive aa ass is given by the previously de- 


rived 70. 279475 f 9 °8° Garr (See Eq. (8)) for a single-phase, 


ain 

. Sts 8 : dD. 
two-wire circuit, or j0.004657f logio GME 
substituted for Dy, the distance between conductor a and 
the fictitious return conductor in the earth. This expres- 
sion is similar to the inductive-reactance as given in 
Carson’s simplified equation for self impedance. Equating 
the logarithmic expressions of the two equations, 


orsov 


GMR 


where D, is 


j0.004657f logue =70.004657flogio 


or D.=2160,/2 feet. (27) 
This defines D,, equivalent depth of return, and shows 
that it is a function of earth resistivity, p, and frequency, f. 
Also an inspection of Carson's simplified equations show 
that the self and mutual impedances contain a resistance 
component 0.00159f, which is a function of frequency. 
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Rewriting Carson’s equations in terms of equivalent 
depth of return, D,, 


D, 
2,=Te+0.00159/ +0.008657f login are 
ohms per mile. (28) 
m= 0.00159f+70.00465 “flog ohms per mile. (29) 


hess equations can be applied to multiple-conductor 
circuits if r., the GMR and d,y refer to the conductors as a 
group. Subsequently the GMR of a group of conductors 
are derived for use in the above equations. 

To convert the above equations to zero-sequence quan- 
tities the following considerations must be made. Con- 
sidering three conductors for a three-phase system, unit 
zero-sequence current consists of one ampere in each phase 
conductor and three amperes in the earth return circuit. 
To use Eqs. (28) and (29), replace the three conductors by 
a single equivalent conductor in which three amperes flow 
for every ampere of zero-sequence current. Therefore the 
corresponding zero-sequence self and mutual impedances 
per phase are three times the values given in Carson’s 
simplified equations. Calling the zero sequence imped- 
ances 29 and Zom, we have: 


~ : D. 
2o=8r,.+0.00477f+j0.01397f logio GMR. 
ohms per phase per mile. (80) 
20(m) = (0.00477/+70.01397/ logio oe 
ab 
ohms per phase per mile (31) 


where f= frequency in cps. 
re= resistance of a conductor equivalent to the three 
conductors in parallel. 3r, therefore equals the 
resistance of one conductor for a three-phase 
circuit. 
GMR= geometric mean radius for the group of phase 
conductors. This is different than the GMR for 
a single conductor and is derived subsequently 
as GMRateut- 
dap=distance from the equivalent conductor to a 
parallel conductor, or some other equivalent 
conductor if the mutual impedance between two 
parallel three-phase circuits is being considered. 
For the case of a single overhead ground wire, Eq. (30) 
gives the zero-sequence self impedance. Equation (31) 
gives the zero-sequence mutual impedance between two 
overhead ground wires. 


Zero-sequence self impedance of two ground wires with 
earth return 
Using Eq. (30) the zero-sequence self impedance of two 
ground wires with earth return can be derived. 


D 
= 3r,+0.00477f-+ 70.01397f 1 —_——— 
Zo=8ret f+70.01397f logio GMR 
ohms per phase per mile (30) 
where 7r,=resistance of a single conductor equivalent to 
the two ground wires in parallel. (r, therefore 
becomes 3 where 7, is the resistance of one of 


the two ground wires). 
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GMR=geometric mean radius for the two ground 
wires. (GMR therefore becomes 


Y(GMR)? conauetor Gxy? or V (GMR) (dry) 


where dy is the distance between the two conductors 
x aoe yo) 


Substituting 5 "* for re and V(GMR) (dey) for GMR in Eq. 


(30), the zero-sequence self impedance of two ground 
wires with earth return becomes 


3r, , dD. 
29 =—+0.00477 0.01397f logo. —-————— 
“3 vas 11080 SGM) (des) 
ohms per mile per phase. 
Zero-sequence self impedance of n ground wires with earth 
return 
Again using Eq. (30), the zero-sequence self impedance 
of n ground wires with earth return can be developed. 


2o=3r.+0.00477f+ 0.01397f logis = 


ohms per mile per phase. 


D, 
GMR 
(30) 
Since r, is the resistance of a single conductor equivalent to 


ee r : 
nm ground wires in parallel, then r.=— where 7, is the 
n 


resistance of one of the n ground wires, in ohms per phase 
per mile. 

GMR is the geometric mean radius of the n ground wires 
as a group, which may be written as follows in terms of all 
possible distances, 


GMR= \(GMR)" ccnsuctor (deeen 4 een Tease.) 


dsr) (d (esis) eateei 0 tam) 
—d (g,2,-,) feet. 


(4 cere: cares) 

(an01) 4 (e,22) 

This expression can also be written in terms of all possible 
pairs of distances as follows. 


GMR= \ (GMR)" 


(g2g3) Qigogs))* 


conductor (diae2) digas = dig, 


as)” 
(Qreres))? feet. (33) 


The equation for zero-sequence self impedance of n ground 
wires with earth return can therefore be obtained by sub- 


stituting = for r. and Eq. (33) for GMR in Eq. (80). 


Self impedance of parallel conductors with earth return 


In the preceeding discussion the self and mutual im- 
pedances between single cylindrical conductors with earth 
return were derived from which the zero-sequence self and 
mutual reactances were obtained. These expressions were 
expanded to include the case of multiple overhead ground 
wires, which are not transposed. The more common case 
is that of three-phase conductors in a three-phase circuit 
which can be considered to be in parallel when zero-se- 
quence currents are considered. Also the three conductors 
in a three-phase circuit are generally transposed. This 
factor was not considered in the preceeding cases for mul- 
tiple overhead ground wires. 

In order to derive the zero-sequence self impedance of 
three-phase circuits it is first necessary to derive the self 
impedance of three-phase circuits taking into account 
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transpositions. The expression for self impedance is then 
converted to zero-sequence self impedance in a manner 
analogous to the case of single conductors with earth 
return. 

Consider three phase conductors a, b, and c as shown in 


Fig. 21, With the conductors transposed the current 
i 
3 
a 
fap doc 
i iL 
s¢ doe D3 
i 
3 
— 
q T 
zy 
b I 
ais 
c 


——. 


I 


Fig. 21—Self impedance of parallel conductors with earth 
return, 


divides equally between the conductors so that for a total 
current of unity, the current in each conductor is one third. 

The voltage drop in conductor a for the position in- 
dicated in Fig. 21 is 


2a Zab Zac 
3°33 
For conductor 6: 


LU LN 


and for conductor ec: 
Zac Zbe Zee 


33 > 


in which 2a2, 2bb, and Z,_ are the self impedances of the 
three conductors with ground return and Zap, Zpe, and Zac 
are the mutual impedances between the conductors. 

Since conductor a takes each of the three conductor 
positions successively for a transposed line, the average 
drop per conductor is 


1 
g Zee b eee t ect ean + 2p t 2eac). 


Substituting the values of self and mutual impedances 
given by Eqs. (28) and (29) in this expression, 


ar Ean 00159f) +0. oouos7s(3 logio——* oun 
+2 logio Deis logio 
day 


ohms per mile. 


e D. 
eit logio 2) 
dD. 


(34) 


a “3+0.00159/-+70.004657/ logio 


ohms per mile. 


———— 
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The ninth root in the denominator of the logarithmic term 
is the GMR of the circuit and is equal to an infinitely thin 
tube which would have the same inductance as the three- 
conductor system with earth return shown in Fig. 21, 


GMReircutt = Vv (GMR) vpondustor dap’dye’den” feet. 
GM Retreutt= V(GMR)* conductor (davdvetlea)” feet. 
GMRetreut aa VGMRoeonauctor(W/dandveden ) ; feet. 


By previous derivation (See Eq. (23)), GMDeparation 
=Vdardoedea feet. 


Therefore GMRetreutt = V (GMR) conauetor(GMD) 7 separation 
feet. (35 


Substituting GMRg,ou, from equation (35) in equation 
(34), 


zg", + 0.00159f 
D. 


‘3 & v( v R) duct (GMD) separation 


ohms per mile. 


In equations (34) and (86), r, is the resistance per mile of 
one phase conductor. 


Zero-sequence self impedance of three parallel conductors 
with earth return 


Equation (36) gives the self impedance of three parallel 
conductors with earth return and was derived for a total 
current of unity divided equally among the three con- 
ductors. Since zero-sequence current consists of unit cur- 
rent in each conductor or a total of three times unit current 
for the group of three conductors, the voltage drop for 
zero-sequence currents is three times as great. Therefore 
iq. (36) must be multiplied by three to obtain the zero- 
sequence self impedance of three parallel conductors with 
carth return. Therefore, 


Zo=1r,+0.00477f 


. D. 
+70.01397f logio 


VG MReonauctor(GMD ) teaparation 
ohms per phase per mile (37) 


where VGMReonauetor(GMD) "separation is the GMRorreut de- 
rived in equation (35) or V(GMR)®conauctor dav'dpe’Gea” 


Zero-sequence mutual impedance between two circuits with 
earth return 


Using a similar method of derivation the zero-sequence 
mutual impedance between 2 three-phase circuits with 
common earth return is found to be 


Zo = 0.00477f-+j0.01397f logio mir 


ohms per phase per mile (38) 


where GMD is the geometric mean distance between the 
2 three-phase circuits or the ninth root of the product of 
the nine possible distances between conductors in one 
sroup and conductors in the other group. Note the simi- 
larity between Eq. (38) and Eq. (31) 
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Zero-sequence self impedance of two identical parallel cir- 
curts with earth return 


For the special case where the two parallel three-phase 
circuits are identical, following the same method of 
derivation 


D 


tr. e 
= ~+0.00477/+j0.01397/ 1 Se 
= bigs | f logic V(GMR)(GMD) 


ohms per phase per mile (39) 


in which GMR is the geometric mean radius of one set of 
conductors, (W(GMR) conductor(GMD)* separation P and GMD 
is the geometric mean distance between the two sets of 
conductors or the ninth root of the product of the nine 
possible distances between conductors in one circuit and 
conductors in the other circuit. 

This equation is the same as 4(Zo+Zoan)) Where 29 is 
the zero-sequence self impedance of one circuit by equa- 
tion (37) and Zom) is the zero-sequence mutual impedance 
between two circuits as given by Eq. (38). For non- 
identical circuits it is better to compute the mutual and 
self impedance for the individual circuits, and using 
$(Zo+Zom)) compute the zero-sequence self impedance. 


Zero-sequence mutual impedance between one circuit (with 
earth return) and n ground wires (with earth return) 


Figure 22 shows a three-phase circuit, with n ground 
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e ® e 
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Fig. 22—A three-conductor three-phase circuit (with earth 
return) and n ground wires (with earth return) 


wires. Equation (31) gives the zero sequence mutual im- 
pedance between two conductors: 


Zou) = 0.00477f+70.01397f logio 7 


ohms per phase per mile (31) 


where dap is the distance between the two conductors. This 
equation can be applied to two groups of conductors if 
da» is replaced by the GMD or geometric mean distance 
between the two groups. In Fig. 22, if the ground wires are 
considered as one group of conductors, and the phase con- 
ductors a, b,.c, are considered as the second group of con- 
ductors, then the GMD between the two groups is 


GMD= Y dacidveegt——CeanFvend can 


Substituting this quantity for d.» in Eq. (31) results in an 
equation for the zero-sequence mutual impedance between 
one circuit and n ground wires. This Zo(my 18 Zoceg)- 


feet 


44 Characteristics of Aerial Lines 


Zoum) = 0.00477f 


D, 
+ 70.01397f logis 


NY dicidiatdcet— Gain oan Coen 
ohms per phase per mile. 


(40) 


Zero-sequence impedance of one circuit with n ground wires 
(and earth) return. 


Referring to Fig. 20 the zero-sequence self impedance of 
a single conductor, and the zero-sequence mutual im- 
pedance between a single conductor and another single 
conductor with the same earth return path was derived. 
These values are given in Eqs. (30) and (31). As stated be- 
fore, these equations can be applied to multi-conductor 
circuits by substituting the circuit GMR for the conductor 
GMR in Eq. (30) and the GMD between the two circuits 
for dy» in Eq. (31). 

First, consider the single-conductor, single-phase circuit 
with earth return and one ground wire with earth return. 
Referring to Fig. 20 conductor a is considered as the single 
conductor of the single-phase circuit and conductor b will 
be used as the ground wire. 

Writing the equations for £, and Ey, we have: 


E,=T.2aa+] 2m (41) 
Ey = Tim dp2pv- (42) 


If we assume conductor b as a ground wire, then £,=0 
since both ends of this conductor are connected to ground. 
Therefore solving Eq. (42) for J, and substituting this 
value of J, in Eq. (41), 


Sent 
Ha=Tal Za.—— }. 
2bb 


To obtain z,, divide EZ, by Is, and the result is 
(43) 


The zero-sequence impedance of a single-conductor, single- 
phase circuit with one ground wire (and earth) return is 
therefore defined by Eq. (43) when zero-sequence self im- 
pedances of single-conductor, single-phase circuits are sub- 
stituted for z,, and z,, and the zero-sequence mutual im- 
pedance between the two conductors is substituted for zm. 
Equation (43) can be expanded to give the zero-sequence 
impedance of a three-phase circuit with n ground wires 
(and earth) return. 

Z0" (ae) 


(44) 


20 = Zoca) Ta 
208) 
Where z= zero-sequence impedance of one circuit with n 
ground wires (and earth) return. 
Zoca) = zero-sequence self impedance of the three- 
phase circuit. 
Zo) = zero-sequence self impedance of n ground 
wires. 
2ocag) = Zero-sequence mutual impedance between the 
phase conductors as one group of conductors 
and the ground wire(s) as the other conductor 
group. 
Equation (44) results in the equivalent circuit of Fig. 23 
for determining the zero-sequence impedance of one circuit 
with n ground wires (and earth) return. 
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General Method for Zero-Sequence Calculations 
—tThe preceding sections have derived the zero-sequence 
self and mutual impedances for the more common circuit 
arrangements both with and without ground wires. For 
more complex circuit and ground wire arrangements a 


20(9)~Zo(a9) 


2 6(a)~2 ofa9) 


Fig. 23—Equivalent circuit for zero-sequence impedance of 
one circuit (with earth return) and n ground wires (with earth 
return), 


general method must be used to obtain the zero-sequence 
impedance of a particular circuit in such arrangements. 
The general method consists of writing the voltage drop 
for each conductor or each group of conductors in terms of 
zero-sequence self and mutual impedances with all con- 
ductors or groups of conductors present. Ground wire 
conductors or groups of conductors have their voltage 
drops equal to zero. Solving these simultaneous equations 


for 7 of the desired circuit gives the zero-sequence im- 
0 


pedance of that circuit in the presence of all the other zero- 
sequence circuits. 

This general method is shown in detail in Chap. 2, 
Part X, Zero-Sequence Reactances. Two circuits, one 
with two overhead ground wires and one with a single over- 
head ground wire are used to show the details of this more 
general method. 

Practical Calculation of Zero-Sequence Imped- 
ance of Aerial Lines—In the preceding discussion a 
number of equations have been derived for zero-sequence 
self and mutual impedances of transmission lines taking 
into account overhead ground wires. These equations can 
be further simplified to make use of the already familiar 
quantities 7,, ta, and zg. To do this two additional quan- 
tities, r. and x, are necessary that result from the use of the 
earth as a return path for zero-sequence currents. They 
are derived from Carson’s formulas and can be defined as 
follows: 


r,.=0.00477f ohms per phase per mile. 
Le=0.006985f logio 4.6055 10° ohms per phase per 
(46) 


It is now possible to write the previously derived equations 
for zero-sequence self and mutual impedances in terms of 
Tay La Lay Me, aNd xe. The quantities rs, 2a, Ta are given 
in the tables of Electrical Characteristics of Conductors 
and Inductive Reactance Spacing Factors. The quantities 
re and xz. are given in Table 7 as functions of earth 
resistivity, p, in meter ohms for 25, 50, and 60 cycles per 
second. The following derived equations are those most 
commonly used in the analysis of power system prob- 
lems. 


mile. 
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Zero-sequence impedance—one circuit (with earth return) 
but without ground wtres 


2p =Te + 0.00477f 


= De 
+j0.01397f logio 


V(GMR) conauctor( GMD)? separation 
ohms per phase per mile. (87) 


2p=ratret+j0.00698f logie 4.6656 10°¢ 


1 
60 GM Reonauetor 
—j2 o.2794% logio GMD separation) 


en A 
.2794— log 
+40.27 60 OL10 


Zo=TatTet)(%e+%a— 22a) ohms per phase per mile (47) 


sys yee 
where tq = $(Lacab) + Lathe) + Xa (ea) 
und aap) =a from Table 6 for spacing a to b, ete. 


Mutual zero-sequence tmpedance between two circurts (with 


earth return) but without ground wires 
ee . 2, D, 
Zum) = 0.00477f +70.01397f logic GMD ohms per 


phase per mile. (38) 


Zinn =P o+j0.006985f logis 4.665 108 


—j0.006985f logs GMD? 
Zon) =Te+J(Xe—3axa) Ohms per phase per mile (48) 


é ta Lf. 
where Xu Is 9 (Lacaay FLa(aoy La (acy +La ban + Lao 
+2La (be) HLa (ea + Laceby + Lace) 


Zero-sequence self impedance—one ground wire (with earth 


return) 
S ; = D. 
Zou) = 3? e+-0.00477f+j0.01397f logis Gs: 
ohms per phase per mile. (30) 


Zo =3ratre+j0.006985f login 4.6656 X 1085 


1 
+ 0.006985f 1080 EMERY Eorascans 


Zo) = 38rat7etj(tet+3z,) ohms per phase per mile. (49) 


Zcro sequence self impedance—two ground wires (with earth 


return) 
3a ; 
20 ==2-+0.00477/+J0.01397f logy 
2 V(GMR) conduetordxy 
ohms per phase per mile. (82) 


ary ; 
200 = “A+ re+ 0.006985 login 4.6656 X 108 ; 


0.8382 1 0.8382 d 
+——] _ xy 
2 “aur 2 (87 
_ 37a : et 
201g) = g Teta tet Sta situ) 
ohms per phase per mile (50) 


where 


Ta=2Xq from Table 6 for spacing between ground 
wires, dxy. 
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Zero-sequence self impedance—n ground wires (with earth 


return) 
Zoe) = Bret 0.00477f+70.01397f lo aides 
Og) = 2Po TV. JY. £10 GM 
ohms per phase per mile (30) 


r 3 
where tem ohms per phase per mile. 


GMR=% (GMR) conductor (Garwe eres --- Ceten) (dyre1 eons 


3; raat geen) (dag dgage rico dysgn) (dgneid ange a -Agngn—t)) 
ls : eres 
20g) = ae + le +7]xe +] 50.2704) logio 4.665 low 


1 
(GMR) Sesniinten 


Dyn ees 
+isc0.2799F logio 


3 
—Jj,(0.2794) Frog, | (derge4 gigs ~-- Aeien) (Teed gees 
2 60 : 
cs dgegn) (desgid seo Se dagen) (dangidgng? ieee ~deng (n—1) ) | nm 


3 . 32, 3(n—-1 
Zoe) = “rat ret i(tet— sou) La) 


n 
ohms per mile per phase (51) 
where i ah of zy, for all possible distances 
n(n—1) 
between all ground wires.) 
or pie ae of xu for all possible distances 
n(n—1) 


between all possible pairs of ground wires). 


Zero-sequence mutual impedance between one circuit (with 
earth return) and n ground wires (with earth return) 


20(ag) = 0.00477f 


+70.01397f logic 3 De 
Vv dagidygrdegi- Roe dagndvgntlegn 


ohms per phase per mile. (40) 


Zovee) = Te+j0.006985f login 4.6656 X 10° : 


— j0.006985f logs (W/dagidoeident= ~ ~dagndvgndogn) 
Zo(ag) =TetJ(Ye—3%a) ohms per phase per mile (52) 


1 
where zg= Bp recon + Laer) + La (eat) 


~~~ + 2Xa(agny + Latben) Ab ticegin)s 


Zero-sequence impedance—One circuit with n ground wires 
(and earth return) 


Z0"(aR) 
20 = Zo(a) — [——__ (44) 
Z0(g) 
where 2,4, = zero-sequence self impedance of the three- 
phase circuit. 
Zo(g) = zero-sequence self impedance of n ground 
wires. 
2o(ag) = ZerO-sequence mutual impedance between the 
three-phase circuit as one group of conductors 
and the ground wire(s) as the other con- 
ductor group. 
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4. Positive-, Negative-, and Zero-sequence Shunt 
Capacitive Reactance 

The capacitance of transmission lines is generally a 
negligible factor at the lower voltages under normal oper- 
ating conditions. However, it becomes an appreciable 
effect for higher voltage lines and must be taken into con- 
sideration when determining efficiency, power factor, 
regulation, and voltage distribution under normal oper- 
ating conditions. Use of capacitance in determining the 
performance of long high voltage lines is covered in detail 
in Chap. 9, “Regulation and Losses of Transmission 
Lines.” 

Capacitance effects of transmission lines are also useful 
in studying such problems as inductive interference, light- 
ning performance of lines, corona, and transients on power 
systems such as those that occur during faults. 

For these reasons formulas are given for the positive-, 
negative-, and zero-sequence shunt capacitive reactance 
for the more common transmission line configurations. The 
case of a two-conductor, single-phase circuit is considered 
to show some of the fundamentals used to obtain these 
formulas. For a more detailed analysis of the capacitance 
problem a number of references are available. +5. 

In deriving capacitance formulas the distribution of a 
charge, q, on the conductor surface is assumed to be uni- 
form. This is true because the spacing between conductors 
in the usual transmission circuit is large and therefore the 
charges on surrounding conductors produce negligible dis- 
tortion in the charge distribution on a particular con- 
ductor. Also, in the case of a single isolated charged con- 
ductor, the voltage between any two points of distances x 
and y meters radially from the conductor can be defined as 
the work done in moving a unit charge of one coulomb from 
point P, to point P; through the electric field produced by 
the charge on the conductor. (See Fig. 24.) This is given 


P, Pe 
wy 
+4, “42 


CONDUCTOR | CONDUCTOR 2 


Fig. 24—A two conductor single phase circuit (capacitance). 


by 
(53) 


where g is the conductor charge in coulombs per meter. 

By use of this equation and the principle of superposi- 
tion, the capacitances of systems of parallel conductors can 
be determined. 

Applying Eq. (53) and the principle of superposition to 
the two-conductor, single-phase circuit of Fig. 24 assuming 
conductor 1 alone to have a charge q, the voltage between 
conductors 1 and 2 is 


D 
Vi=18X 109 gq In a volts. 


Vay =18X10° g In . volts 


(54) 
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This equation shows the work done in moving a unit 
charge from conductor 2 a distance D,z. meters to the sur- 
face of conductor 1 through the electric field produced by 
qm. Now assuming only conductor 2, having a charge gs, 
the voltage between conductors 1 and 2 is 


Vi2=18X 10° qo In a 


volts. (55) 


12 

This equation shows the work done in moving a unit 
charge from the outer radius of conductor 2 to conductor 1 
a distance Dy meters away through the electric field pro- 
duced by qe. 

With both charges gq, and qz present, by the principle of 
superposition the voltage Viz is the sum of the voltages 
resulting from q, and q existing one at a time. Therefore 
Viz is the sum of Eqs. (54) and (55) when both charges m 
and ge are present. 

Va= 18x 10°(1 In 224-96 In i) volts. (56) 

r Dry 
Also if the charges on the two conductors are equal and 
their sum is zero, 


atg@=0 or @=—-q 
Substituting —q for gz in equation (56) 


Vy=36 X10°q In Du volts. (57) 
r 

The capacitance between conductors I and 2 is the ratio of 

the charge to the voltage or 


Qn 1 
. an oe 
Vie 12 


farads per meter. 
36109 In — 
r 


(58) 


The capacitance to neutral is twice that given in Eq. (58) 
because the voltage to neutral is half of Vie. 


1 
C= farads per meter. 
18 10° In — 
r 


(59) 


The shunt-capacitive reactance to neutral (or per con- 
1 


2rfC 


ductor) is %en= 


or in more practical units 


on = 0.0683 logio a megohms per conductor per 


mile. 
This can be written as 


60 1 60 D 
en = 0.0683 logio 70.0683 log" 


megohms per conductor per mile 


(60) 


(61) 


where Dy, and r are in feet and f is cycles per second. 
Eq. (61) may be written 


(62) 


The derivation of shunt-capacitive reactance formulas 
brings about terms quite analogous to those derived for 
inductive reactance, and as in the case of inductive react- 
ance, these terms can be resolved into components as 
shown in Eq. (62). The term 2,’ accounts for the electro- 
static flux within a one foot radius and is the term 


Len =2¢+2d megohms per conductor per mile. 
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0.0683 7 login — in Eq. (61). It is a function of the con- 


ductor outside radius only. The term xq’ accounts for the 
electric flux between a one foot radius and the distance 


Dy to the other conductor and is the term 0.0683 ; logio 


Dis in Eq. (61). Note that unlike inductive-reactance 
1 


where the conductor geometric mean radius (GMR) is 
used, in capacitance calculations the only conductor radius 
used is the actual physical radius of the conductor in feet. 
Zero-sequence capacitive reactance is, like inductive- 
reactance, divided into components z, taking into account 
the electrostatic flux within a one-foot radius, ry’ taking 
into account the electrostatic flux external to a radius of 
one foot out to a radius D feet, and x,’ taking into account 
the flux external to a radius of one foot and is a function 
of the spacing to the image conductor. 
, _ 12.30 


Zo 


logis 2h megohms per mile per 


conductor (63) 
where h=conductor height above ground. 
f=frequency in cps. 

zx is given in the tables of Electrical Characteristics of 
conductors, zq@ 1s given in Table 8, Shunt-Capacitive 
Reactance Spacing Factor, and x is given in Table 9, 
Zcro-Sequence Shunt-Capacitive Reactance Factor. 

The following equations have been derived in a manner 
similar to those for the two-conductor, single-phase case, 
making use of the terms z,’, x7 and x. They are sum- 
marized in the following tabulation. 


Shunt-Capacitive Reactance, x., of Three-Phase Circuits 
(Conductors a, b, ¢) 


(a) Positive (and negative) sequence z,. 
xy = 27 = 2, +24 megohms per conductor per mile. (64) 


Xd = 5(sum of all three xq’s for distances between all 


possible pairs). 
1 
= g(tdabtZdact2d'p.). See Table (8) (65) 


(b) Zero-Sequence x, of one circuit (and earth). 
20 (a) =X +2/—2x megohms per conductor per 
mile. (66) 
tq = value given in Eq. (65). Table (9) gives x. 
(c) Zero-Sequence x, of one ground wire (and earth). 
To (a) = 32 (g +2¢(q) Megohms per conductor per 
mile. (67) 
(d) Zero-Sequence z, of two ground wires (and earth). 


, _3 3 
XO (py = ate @ Te ~ ate megohms per conductor per 


mile. (68) 
, . * 
Td =2d enue) =x for distance between ground wires. 
(e) Zero Sequence x, of n ground wires (and earth), 


3(n-1) 
n 


, 3 
XL) (gy = 2 +2, — zu’ megohms per conductor per 
n 


mile (69) 
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where 


¢ (sum of all xy’s for all possible distances 


oat ae 
n(n-1) 
between all possible pairs of ground wires) 


or tq = 


d (sum of all xy’s for all possible distances 
n(n-1) 


between all ground wires). 


(f) Zero-Sequence zx, between one circuit (and earth) 
and n ground wires (and earth) 
Xo (ag) = Le —3z4 megohms per conductor per mile. (70) 


1 
U f tA f , 
va = 3, (td (amt) FL (bgt) Hd (cet) ** + La (agn) 


+ Ld (ben) ted (ean). 


(g) Zero-Sequence x, of one circuit with n ground wires 


U 2 
0 (ag) 
/ 

0 (g) 


xy = Teta) _ megohms per conductor per mile. (71) 


Shunt Capacitive Reactance, x., of Single-Phase Circuits 
(Conductors a and b) 


(h) x, of single-phase circuit of two identical conductors 
xz’ =2(x. +27) megohms per mile of circuit. (72) 
ad =x for spacing between conductors. 


(1) x, of single-phase circuit of two non-identical con- 
ductors a and b. 
x =H (ay + Ue (by +224 megohms per mile of circuit. (73) 


(j) x, of one conductor and earth. 
x’=ax,+42/ megohms per mile. (74) 


In using the equations it should be remembered that the 
shunt capacitive reactance in megohms for more than one 
mile decreases because the capacitance increases. For more 
than one mile of line, therefore, the shunt-capacitive re- 
actance as given by the above equations should be divided 
by the number of miles of line. 


5. Conductor Temperature Rise and Current- 
Carrying Capacity 

In distribution- and transmission-line design the tem- 
perature rise of conductors above ambient while carrying 
current is important. While power loss, voltage regula- 
tion, stability and other factors may determine the choice 
of a conductor for a given line, it is sometimes necessary to 
consider the maximum continuous current carrying capa- 
city of a conductor. The maximum continuous current 
rating is necessary because it is determined by the max- 
imum operating temperature of the conductor. This tem- 
perature affects the sag between towers or poles and de- 
termines the loss of conductor tensile strength due to 
annealing. For short tie lines or lines that must carry 
excessive loads under emergency conditions, the maximum 
continuous current-carrying capacity may be important 
in selecting the proper conductor. 

The following discussion presents the Schurig and Frick® 
formulas for calculating the approximate current-carrying 
capacity of conductors under known conditions of ambient 
temperature, wind velocity, and limiting temperature rise. 

The basis of this method is that the heat developed in 
the conductor by J? loss is dissipated (1) by convection 
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in the surrounding air, and (2) radiation to surrounding 
objects. This can be expressed as follows: 


PR=(W.+W,A watts. (75) 


where J=conductor current in amperes. 
R=conductor resistance per foot. 
W,=watts per square inch dissipated by convection. 
W,=watts per square inch dissipated by radiation. 
A=conductor surface area in square inches per foot 
of length. 


The watts per square inch dissipated by convection, W,, 
can be determined from the following equation: 


w= 0.0128 pu 
T0138 /q 


where p=pressure in atmospheres (p=1.0 for atmo- 
spheric pressure). 
v=velocity in feet per second. 
T,= (degrees Kelvin) average of absolute temper- 
atures of conductor and air. 
d= outside diameter of conductor in inches. 
At = (degrees C) temperature rise. 


Aé watts per square inch (76) 


This formula is an approximation applicable to con- 
ductor diameters ranging from 0.3 inch to 5 inches or more 
when the velocity of air is higher than free convection air 
currents (0.2—-0.5 ft,/sec). 

The watts per square inch dissipated by radiation, W,, 
can be determined from the following equation: 


= a 4 _ T» 4 
W,=36.85] (55) (=) | 


watts per square inch (77) 


where #=relative emissivity of conductor surface 
(H=1.0 for “black body,” or 0.5 for average 
oxidized copper). 
T =(degrees Kelvin) absolute temperature of con- 
ductor. 
T)=(degrees Kelvin) absolute temperature of sur- 
roundings. 


By calculating (W.+W,), 4, and R, it is then possible 
to determine J from Eq. (75). The value of FR to use is the 
a-c resistance at the conductor temperature (ambient 
temperature plus temperature rise) taking into account 
skin effect. as discussed previously in the section on pos- 
itive- and negative-sequence resistances. 

This method is, in general, applicable to both copper 
and aluminum conductors. Tests have shown that alum- 
inum conductors dissipate heat at about the same rate as 
copper conductors of the same outside diameter when the 
temperature rise is the same. Where test data is available 
on conductors, it should be used. The above general 
method can be used when test data is not available, or to 
check test results. 

The effect of the sun upon conductor temperature rise is 
generally neglected, being some 3° to 8°C. This small 
effeet is less important under conditions of high tempera- 
ture rise above ambient.® 

The tables of Electrical Characteristics of Conductors 
include tabulations of the approximate maximum current- 
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Fig. 25—Copper conductor current carrying capacity in Am- 
peres VS. Ambient Temperature in °C, (Copper Conductors at 
75 °C, wind velocity at 2 fps.). 
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Fig. 26—Aluminum conductor current carrying capacity in 
Amperes VS. Ambient Temperature in °C, (Aluminum Con- 
ductors at 75°C, wind velocity at 2 fps). 
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TABLE 1—CHARACTERISTICS OF COPPER ConpucTors, HARD DRAWN, 97.3 PERCENT CONDUCTIVITY 
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, 
x 
i a Ap- Ta Pion ceeds 
Size of Z! Diam- = F x. Shunt Capacitive 
, 2| Diam prox. | Geo: Resistance ee P 
Conductor | 3) ater Out- _ hveight| Cur: | metric Ohms per Conductor per Mile Inductive Reactance Reactance 
Al _of | side |Breaking|; eG) rent | Mean Ohms per Conductor] Megohms per 
“~ ie Diam- pavena sh ben. |CRETY- ate At cn EN Sins ong 
£ vidual! eter ounds . ing at 6! 59 ° RQ? 990 . er Mile — 
: 25] S| Strands| Inches Mile Capac-| Cycles aun OLE) 50°C. (22°F) At 1 Ft Spacing 
Circular |O212) inches ity* | Feet 
Mils | ot) 3 Amps dec | 25 50 60 | ge | 25 50 60 25 50 | 60 25 50 60 
ao|7% cycles |cycles [cycles cycles jcycles [cycles {cycles [cycles |cycles cycles |cycles |cycles 
1 000 000)... 37/0. 1644]1.151 | 43 830 1 300 (0.0368 (0. 0585:0.0594/0 .0620)0. 0634/0 . 0640/0 .0648/0 0672/0 .0685]0. 1666/0. 333 |0.400 |0.216 |0.108110.0901 
900 OOO]... (87/0. 1560/1092 | 39 510 1 220 [0.0349 {0.0650/0 0658/0. 0682/0 .0695{0 . 0711/0..0718/0 .0740)0 0752/0. 1693)0.339 j0.406 ]0.220 10.110010.0916 
goo ONO}... 17/0.1470/1.029 | 35 120 1 1380 j0.0329 }0.0731\0.0739|0 .0760/0 077210. 0800/0. 0806/0. 0826)0.0837]0. 1722/0 .344 (0.413 ]O.224 |0.112110.0934 
750 OOO]... (37)/0.142:410.997 | 33 400 1 090 |0.0319 J0.0780\0.0787/0.0807/0.0818}0 0853/0 .0859|0. 0878/0. 08880. 173910.348 10.417 10.226 |0.1132/0,0943 
700 O00]... (37/0.1375}0.963 | 31 170 11 1 040 10.0308 |0.0836!0.0842/0. 0861/0. 087 1/0.091410 .0920/0 0937/0 .0947/0.1759/0.352 |0.422 10.229 0.1145/0.0954 
G00 OOO]... 37/0.1273)0. 891 | 27 020 | 9 940 10.0285 |0.0975,0.098110.0997/0. 1006/0. 1066/0. 1071]0. 1086|0. 1095]0. 179910360 |0.432 10.235 (0. 1173|0.0977 
500 O00]... [87/0.1162/0.814 | 22 510 | 8 840 |0.0260 [0. 11700. 1175/0. 11880. 1196/0. 1280/0. 12830. 1296/0. 1303]0. 1845/0. 369 |0.443 |0.241 |0. 1205/10, 1004 
500 OOO)... {19/0.16220.811 | 21 590 | 8 840 (0.0256 ]0.1170)0. 11750. 11880. 1196]0. 1280/0. 128310. 1296/0. 1303/0. 185310.371 10.445 10.241 |0. 1206/0. 1005 
450 O00}... [19(0.1539)0.770 | 19 750 | 7 & 780 j0.0243 10. 1300/0. 1304/0. 131610, 1323]0. 1422/0. 142610. 1437/0. 1443]0. 1879|0.376 |0.451 |o.: 0.1020 
100 OOO}... [19J0.1441/0.726 | 17 560 | 6 2 730 10.0229 |0. 14620. 1466/0. 1477/0. 148410. 1600/0. 1603/0. 1613/0. 161940. 1909/0. 382 [0.458 Jo. 5/0. 1038 
350 O00}... {19/0.1357/0.679 | 15 590 | 5 670 |0.0214 JO. 1671/0. 167510. 1684/0. 1690]0 . 1828/0. 1831/0. 1840)0 . 1845/0. 194310389 0.466 ]0.25 3910. 1058 
350 OOO)... [12/0.170810.710 | 15 140 | 5 670 10.0225 |0. 1671/0. 167510. 1684/0. 1690/0. 1828/0, 1831)0. 18400. 1845/0. 1918/0.384 10.460 JO.: 53)0. 1044 
200 O00}... |19)0.1257/0.6 13 510 | 4 891} 610 0.01987)0. 1950/0. 1953/0. 1961/0. 1966]0.213 [0.214 10.214 |0.215 ]0.1982/0.396 |0.476 |o.: 0. 1080 
200 OOO]... [L2]0. 1581/0. 6 13 170 | 4 891} 610 (0.0208 JU. 1950/0. 1953}0. 1961/0.1966/0.213 |0.214 ]0.214 [0.215 ]0.1957/0.392 10.470 |o.: Q. 1068 
250 OOO}... [E910.1147/0.5 11 360 | 4 O76) 540 {0.01813}0. 234 [0.284 [0.235 [0.235 [0.256 (0.256 {0.257 10.257 0.203 10.406 10.487 |O.: 29/0. 1108 
250 OOO)... .112/0. 144310.6 11 130 | 4 076) 540 0.019020, 234 [0.234 (0.235 (0.235 |0.256 10.256 10.257 0.257 10.200 (0.401 [0.481 ]0.: 3/0. 1094 
211 GOO! 4/0 119]0, 105510. 9 617 | 3 450! 480 /0.01668]0.276 [0.277 |0.277 |0.278 ]0.302 10.303 [0.303 [0.303 f0.207 [0.414 [0.497 Jo. 590.1132 
211 GOO} 4/0] 12/0. 1328/0. 9 483 } 3 450] 490 (0.01750]0. 276 [0.277 (0.277 (0.278 |0.302 10.303 [0.303 [0.303 [0.205 [0.409 (0.491 jo.: 310.1119 
211 60014/01 7/0. 173910. ¢ 9 154 | 3 450] 480 (0.01579]0.276 |0.277 |0.277 (0.278 |0.302 10.303 '0.303 [0.303 ]0.210 \0.420 [0.503 jo.: 310.1136 
167 800) 3/0 |12|0. 118310. 4¢ 7 556 | 2 736) 420 |0.01559]0.349 (0.349 (0.349 /0.350 10.381 [0.381 [0.382 [0.382 ]0.210 (0.421 (0.505 |o.: 0.1153 
167 800) 3/0} 710. 1548/0. 464 7 366 | 2 736; 420 (0.01404/0.349 (0.349 |0.349 [0.350 40.381 |0.381 (0.382 [0.382 10.216 [0.431 10.518 |0.2 510.1171 
183 100) 2/0} 710. 137910. 414 5 926 | 2.170 360 (0.01252]0.440 (0.440 [0.440 [0.440 10.481 (0.481 10.481 10.481 ]0. 222 10.443 9.532 ]0.. 510, 1205 
105 500) 1/0) 7/0. 1228)0.368 | 4 752) 1 720) 310 (0.01113/0.555 j0.535 10.555 0.555 10.606 10.607 0.607 |0.607 [0.227 |0.455 10.546 |0.: 0.1240 
33. 690) 7)0, 1093/0.328 | 3 804 | 1 364) 270 j0.00992/0.699 (0.699 0.699 {0.699 ]0.765 0.233 }0.467 0.560 ]O.< 28/0. 1274 
83 690) 1 | 310. 1670/0.360 3 620 | 1 351) 270 10.01016]0.692 10.692 10.692 |0.692 j0.757 0.232 (0.464 0.557 40.2 5/0. 1246 
fits B70! 2 | 7/0.0974]0.292 3 045 | 1 082; 230 |0.00883]0.881 10.882 10.882 10.882 [0.964 0.239 (0.478 0.574 |0.< 0. 1308 
66 370) 2 | 3/0. 1487)/0.320 | 2 913} 1 071) 240 |0.00903}0.873 0.955 0.238 [0.476 (0.571 0. 0.1281 
66 3870) 2] ...... 0.258 3 003 | 1 061] 220 |0.00836)0. 864 0.945 0.242 0.484 10.581 JO. 0.1345 
52 680] 3 | 7/0.0867)0.260 2 433 858 200 |0.00787/1.112 1.216 0.245 10.490 (0.588 ]0.322 0. 1611/0. 1343 
52 630) 3 | 3/0. 1825/0. 285 2 359 850 200 |0.00805]1.101 1.204 0.244 10.488 (0.585 ]0.316 |0. 1578/0. 1315 
52 O80W 3 fd) ese cea 0.229 | 2 439) 841 190 |0.00745]1.090 Same as d-c 1.192 Same as d-c 0.248 [0.496 (0.595 10.331 (0. 1656/0. 1380 
74U) 4 | 3/0. 1180/0. 254 1 879 674 180 |0.00717]1.388 1.518 0.250 |0.499 10.599 ]0. 324 0. 1619/0. 1349 
41 740) 4 7 1.0... .204 | 1970) 667] 170 |0.00663]1.374 1.503 0.254 10.507 (0.609 [0.339 (0. 1697/0. 1415 
3 100) 5 | 3/0.1050/0. 226 1 505 534 150 |0.00638]1.750 1.914 0.256 |0.511 [0.613 ]0.332 (0. 1661/0. 1384 
33 100) 5 Bye cea 1819) 1 591 529 140 10.00590]1 .733 1.895 0.260 |0.519 |0.623 10.348 (0. 1738/0, 1449 
3-250! 6 | 3/0,0935)0.201 1 205 424 130 |0.00568/2.21 2.41 0.262 10.523 (0.628 10.341 0.1703/0. 1419 
26 2501 6 | Ie... 0.1620) 1 280 420 120 10.00526]2.18 2,39 0.265 10.531 (0.637 [0.356 (0.1779]0. 1483 
20 820; 7 | U...... 0.1443; 1 030 333 110 }0,004638]2.75 3.01 0.271 (0.542 (0.651 [0.364 0. 1821/0.1517 
16 510) 8 | Ue... 0.1285) 826 264 90 |0.00417]3.47 3.80 0.277 \0.554 |0.665 [0.372 (0. 1862/0. 1552 


* For conductor at 75° 


carrying capacity based on 50°C rise above an ambient of 
25°C, (75°C total conductor temperature), tarnished sur- 
face ( =0.5), and an air velocity of 2 feet per second. These 
conditions were used after discussion and agreement with 
the conductor manufacturers. These thermal limitations 
‘we based on continuous loading of the conductors. 

The technical literature shows little variation from these 
conditions as line design limits.? The ambient air tem- 
perature is generally assumed to be 25°C to 40°C whereas 
the temperature rise is assumed to be 10°C to 60°C. This 
gives a conductor total temperature range of 35°C to 
100°C. For design purposes copper or ACSR conductor 
total temperature is usually assumed to be 75°C as use of 
this value has given good conductor performance from an 
iunnealing standpoint, the limit being about 100°C where 
‘nnealing of copper and aluminum begins, 

Using Schurig and Frick’s formulas, Fig. 25 and Fig. 26 
have been calculated to show how current-carrying capa- 
city of copper and aluminum conductors varies with am- 
bient temperature assuming a conductor temperature of 
‘5.C and wind velocity of 2 feet per second. These values 
are conservative and can be used as a guide in normal line 
design. For those lines where a higher conductor tem- 


., air at 25°C., wind 1.4 miles per hour (2 ft/sec), frequency=60 cycles. 


perature may be obtained that approaches 100°C, the con- 
ductor manufacturer should be consulted for test data or 
other more accurate information as to conductor tempera- 
ture limitations. Such data on copper conductors has been 
presented rather thoroughly in the technical literature.’ 


Ili TABLES OF CONDUCTOR 
CHARACTERISTICS 


The following tables contain data on copper, ACSR, 
hollow copper, Copperweld-copper, and Copperweld con- 
ductors, which along with the previously derived equations, 
permit the determination of positive-, negative-, and zero- 
sequence impedances of conductors for use in the solution 
of power-system problems. Also tabulated are such con- 
ductor characteristics as size, weight, and current-carrying 
capacity as limited by heating. 

The conductor data (ra, %a, Ya’) along with inductive and 
shunt-capacitive reactance spacing factors (xg, 2a’) and 
zero-sequence resistance, inductive and shunt-capacitive 
reactance factors (re, Ze, Le) permit easy substitution in 
the previously derived equations for determining the sym- 
metrical component sequence impedances of aerial circuits. 

The cross-sectional inserts in the tables are for ease in 
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om TABLE 2-A—CHARACTERISTICS OF ALUMINUM CABLE STEEL REINFORCED 
(Aluminum Company of7America) 
Ta Md 
Aluminum] Steel Ap- Resistance : Xa Shunt Capacitive 
Circular Copper __,.| Geo- | prox. Ohms per Conductor per Mile Inductive Reactance _ Reactance 
Mils ———| 5 | Eaniva-|yptimate| Weight] metric} Cur- ____________ | Obms per Conductor per Mile Megohms per 
3 lent® |e ength|ounds| Mean | rent °, a at 1 Ft. Spacing Conductor 
A WG , | a {Circular ‘Pounds per | Radius |Carry 28°C. (77°F.) 50°C. (122°F.) All Currents per Mile 
oh es 3 2|5 | Milsor Mile | at 60 Small Currents Current Approx, at 1 Ft. Spacing 
Alu- 4 £19 lawe Cycles 75%, Capacityt 
minum VE) oS |se) 0 Feet 
24/2 24/26 25 | 50 50 | 60 25 | 50 | 60 
Ase A aE ot cycles cycles |cycles jeycles| 25 cycles | 50 cycles | 60 cycles | ovcies | oycles Jeyeles 
1590 000/54) 3 JO. 1716[19/0. 1030/1. 545/1 000 000} 56 000 |10 77710. 0520 7/0. 0588 0.0656/0.06750. 0.1495 0.299 0.359 . 1953/0.097710.0814 
1510 500}54) 3 0. 1673)19]0. 1004/1. 506] 950 000! 53 200 |10 237/0.0507 10. 0619/0. z 7 0.1508 0.302 0.362 .197110.0986)0.0821 
1431 000|54| 3 0. 1628/1910. 0977/1. 465] 900 000} 50 400 | 9 699/0.0493 0.,0653)0, , 0. : - 199 1/0.0996)0. 0830 
1351 000}54) 3 JO. 1582119]0.0949/1. 424] 850 000) 47 600 | 9 16010.0479 10. 0692)0. 0. 0. .201 |0. 1006)0.0838 
1 272 000/54} 3 0. 1535)19]0 .0921]1.382| 800 000] 44 800 | 8 62110.0465 (0..0735)0. 0. 0. .203 |0. 1016/0.0847 
1 192 500154) 3 10. 1486/1910. 0892/1. 338) 750 000) 43 100 | 8 082/0.0450 10. 0784/0. 5210. 0. 206 |0. 102810, 0857 
1 113 000/54) 3 10. 1436)19/0.0862/1. 2931 700 000] 40 200 | 7 544/0.0435 10. 0840/0. 0. ; 0. . 208 |0. 1040/0. 0867 
1033 500}5-4] 3 JO. 1384] 7/0. 1384/1, 246) 650 000] 37 100 | 7 019/0.0420 0.09050. 0. 1005)0.. 1025/0. 103 0. .211 /0. 1053/0, 0878 
954 000154) 3 (0. 1329] 7/0. 1329|1. 196] 600 000} 34 200 | 6 47910.0403 10. 0980/0. 10. 1088/0. 1118}0.1128 oO. -214 10. 10680 .0890 
900 000}54) 3 0.1291) 710. 1291}1. 162} 566 000] 32 300 | 6 112/0.0391 0.104 |0.104 0.1155/0. 117510. 1185) 0. .216 10, 107800898 
874 500/54] 3 0. 1273] 7\0. 1273]1, 146} 550 000] 31 400 | 5 940/0.0386 0.107 |0.107 0.118810. 121810. 1228 9. -217 |0. 1083)0.0903 
795 000}544 3 j0. 1214] 7/0. 1214/1.093} 500 000] 28 500 | 5 39910.0368 0.118 |0.118 0. 180810. 1358/0. 13878 0. 220 |0.1100)0.0917 
795 000/26) 2 0. 1749) 710. 1360}1. 108) 500 G00} 31 200 | 5 77010.0375 10,117 10.117 0. 1288}0.128810.1288 0. .219 10. 1095)0.0912 
795 000|30 2 (0. 1628/19}0.0977)1. 140] 500000) 38 400 | 6 517/0.0393 0.117 (0.117 0. 1288/0. 1288/0.1288 0. -217 10. 108510.0904 
715 500)541 3 |0. 1151] 7/0.1151]1.036! 450.000) 26 300 | 4 859/0.0349 0.131 30.131 10. 1452/0. 1472/0. 1482) 0. . 224 10. 111910.0932 
715 500)26) 2 0. 1659] 7/0. 1290/1.051] 450000] 28 100 | 5 193/0.0355 0.131 |0.131 0. 2442/0. 144210. 1442]. .223 10, 1114]0.0928 
715 500/30] 2 0. 1544/1910. 0926/1.081) 450 000] 34 600 | 5 865)0.0372 0.131 (0.131 0. 144210. 1442)0. 1444) 0. .221 10110410. 0920 
666 6O0|54] 3 10.1111) 7/0. 1111/1.000} 419 000] 24 500 | 4 527/0.0337 10.140 JO. 141 0. 1571}0. 1591/0. 1601] 0. 226 |0. 113210.0943 
636 000/54} 3 |0. 1085} 710. 108510.977] 400 0001 23 600 | 4 319}0.0329 10.147 10.148 0. 1638/0. 1678/0. 1688) 0. . 228 10. 1140/0.0950 
636 000/26 2 10.1564] 7/0. 121610.990| 400 000} 25 000 | 4 616/0.0335 0.147 10.147 0. 1618/0. 1618/0.1614 0. 227 10. 1135]0.0946 
636 000)30] 2 10. 1456/19]0.0874]/1.019; 400 000} 31 500 | 5 213/0.0351 10.147 10.147 0. 1618/0. 1618/0, 1618 0. 10.225 (0.112510 0937 
605 000[54] 3 10. 10591 7/0. 1059/0.953) 380 500] 22 500 | 4 109)0.0321 0. 155 j0. 155 (0.1715]0.1755}0. 1775) 0. .230 |0. 114910. 0957 
605 000/26} 2 10. 1525} 710. 11860.966] 380 500| 24 100 | 4 391/0.0327 0.154 {0.154 10. 172010.1720|0. 1720) 0. 229 |0. 114400953 
556 50026] 2 10. 1463] 710. 113810.927| 350 000| 22 400 | 4 039/0.0313 10.168 0. 168 0. 1859/0. 185910. 1859) Oo. . 232 10. 115910. 0965 
556 500/30] 210.1362] 710. 136210.953; 350000] 27 200 | 4 5838/0 0328 0.168 (0. 168 0. 1859)0. 1859/0. 1859] oO. 230 10. 1149]0.0957 
500 000/30} 2 (0. 1291] 7/0. 1291]0.904) 314 500) 24 400 |} 4 122/0.0811 10,187 [0.187 0. . 234 j0.1167)/0.0973 
477 000|26] 2 0. 1355) 7/0. 1054/0858} 300 000) 19 430 | 3 462,0.0290 5 |0.196 |0. 196 0. . 237 0, 1186100988 
477 000/30] 2 (0. 1261) 7/0. 126110. 883] 300 000| 23 300 | 3 933,0.0304 10.196 |0.196 0. . 235 10. 1176}0.0980 
397 500|26] 2 |0. 1236} 7!0.096110.783] 250 000! 16 190 | 2 885/0.0265 0. 244 10.1219)0. 1015 
397 500/30] 2 !0.1151] 7/0. 1151)0.806] 250 000] 19 980 | 3 277/0.0278 Same as d-c 0. . 242 10. 1208/0. 1006 
336 400/26] 2 10.1138) 7\0.0885|0.721) 4/0 14.050 | 2 44210.0244 0. . 250 10. 1248}0. 1039 
336 400/30) 2 |0. 1059] 7/0.1059|0.741) 4/0 17 040 | 2 77410.0255 0. 248 10. 1238/0. 1032 
300 000}26} 2 10.1074] 710.0835/0 680} 188 700) 12 650 | 2 178)0.0230 0. 254 0. 1269/0. 1057 
300 000)30| 2 10. 1000; 7/0, 1000/0.700] 188 700} 15 430 | 2 473 0. .252 j0, 125810. 1049 
266 800/26) 2 |0. 1013) 710.0788)(0.642) 3/0 11 250 | 1 . 258 |0. 1289]0. 1074 
Current Ap- 
prox. 75% 
Capacityt 
8/2/2321 ,,3|/ 2/2 
RSE SEAS Ss Se 
oO 2 .) eo o o 
266 800} 6) 1 }0. 2109] 7/0.0703/0.633) 3/0 9 645 | 1 0.351 |0.351 19410. 388/0. 46610. 25210. 504/0. 6050 259 |0. 129410. 1079 
4/0 6] 140. 1878) 1/0. 187810.563} 2/0 8420/1 0.442 0.444 218]0 4371/0. 524/0. 24210. 48410 58140. 267 |0. 1336)0. 1113 
3/0 6] 10. 1672] 10. 1672/0.502| 1/0 6675/1 ‘ 0.559 22510. 450|0. 54010. 259/0. 517/0. 62140. 275 10.1377/0.1147 
2/0 61110. 1490] 1/0. 149010. 447] 1 5 345 0. 704 2310, 462/0. 554/0. 267/0. 53410. 641}0. 284 10. 141810. 1182 
1/0 6} 110. 1327] 110. 182710. 398) 2 4 280 0.887 237|0 .473)0. 56810. 27310. 547|0. 65640.292 10. 1460/0. 1216 
1 6} 10,1182) 10, 1182)0. 355) 3 3 480 1.12 24210. 483/0 . 580|0. 27710. 55410. 66540. 300 10. 1500/0. 1250 
6 1/0. 1052) 1/0. 1052/0. 316 4 2 790 1.41 jl.4i 247|0. 493)0. 5920. 277/0. 5540. 66510. 308 (0. 1542/0. 1285 
7| 10.0974] 1]0.1299]0. 325) 4 3 525 1.41 {1.41 24710. 49310. 592/0. 26710. 535/0. 64210 .306 j0. 1532/0. 1276 
6] 1|0.0937} 110.0937/0. 281 5 2 250 1.78 1.78 252/0. 50310 60410. 275:0, 55110. 66110. 317 10. 1583/0. 1320 
6} 10.0834) 1}0.0834)/0. 250} 6 1 830 2.24 [2.24 257/0.514]/0.61110. 27410. 54910. 65910.325 10. 1627/0. 1355 
7| 110.0772) 110. 102910. 257 6 2 288 2.24 12.24 - 25710. 51510. 61810. 27310 54510. 65540 .323 10. 1615)0. 1346 
6] 10.0743] 1/0. 0743)0. 223) 7 1 460 .82 (2.82 .262/0. 52510. 6230/0. 27910. 557/0. 66540. 333 |0. 1666/0. 1388 
6] 1/0.0661] 110.0661)/0. 198 8 1170 3.56 (3.56 . 268)0. 536 : 0. 67310. 0. 1708/0. 1423 


* Based on copper 97 percent, aluminum 61 percent conductivity. 

{ For conductor at 75°C,, air at 25°C., wind 1.4 miles per hour (2 ft/sec), frequency=60 cycles. . F : 

$ “Current Approx. 75% Capacity” is 75% of the “Approx. Current Carrying Capacity in Amps.” and is approximately the current which will produce 50°C. conductor temp. (25°C. rise) with 
25°C. air temp., wind 1.4 miles per hour. 


TABLE 2-B—CHARACTERISTICS OF ‘EXPANDED’? ALUMINUM CABLE STEEL REINFORCED 


(Aluminum Company of ‘America) 


Ya 


Resistance . 
Ohms per Conductor per Mile 


50°C. (122°F.) 
Current Approx. 
75% Capacity 


Aluminum }  BSteel Tiller, Bection,. 4 = es Ap- 
Circular Alu- | Pa |3  |Copper) Oey Prox: 
Mils minum | per 2 |Equiv-| 3 Weight Nfean nae 
AW. Bl) 817 EP 7 Ickrealar! 2 per Radius)Carry] 25°C. 77°F.) 
Alu- |8| | 32 18] uw [3] o& |S) 2/3 9) Milsor| zg | Mile a, anal Gas Smal] Currents 
minum | § g, oe F 8 i a Bd 8 g/24 A.W.G. 5 Feet | ity 7 re 
BS) 62 1a] BO la] 0 laisjés 5é Amps | d-c cycles |cycles 
850 000/54] 2 10, 1255) 19/0, 0834) 4 |0. 1182)23| 2 /1.38)534 000135 371) 7 200) 
1 150 000] 54] 2 0. 1409]19|0.0921] 4/0, 1353}24) 2 |1.55)724 000/41 900) 9 070; (1) (1) (1) 
1 338 000/66] 2 |0.1350|19]0.100 | 4 \0.184 | 18! 2 |1.75}840 000/49 27811 340 


(1) Electrical Characteristics not available until laboratory measurements are completed. 


“eycles 


25 50 


d-c 


(1) 


60 


, 


La Xa 
Inductive Reactance | Shunt Capacitive 
Ohms per Conductor Reactance 

per Mile Megobhms per 
at 1 Ft. Spacing | Conductor per Mile 
All Currents at 1 Ft. Spacing 


25 50 60 25 50 60 


cycles | cycles | cycles| cycles} cycles | cycles} cycles | cycles | cycles 


ay | () 


Chapter 3 


Characteristics of Aerial Lines 


TABLE 3-A—CHARACTERISTICS OF ANACONDA HOLLOW COPPER CONDUCTORS 


(Anaconda Wire & Cable Company) 


51 


& 


, 
va x Xa a 
Wires Resistance ae Shunt Capacitive 
Ohms per Ponaigter eye pee arene? 
. Geometric per Mile ms per Conductor Megohms per 
Size of f . ot Mean Approx. per Mile Conductor 
Conductor Outside | Breaking) Weight | pagiyg | Current at 1 Ft. Spacing per Mile 
Design Circular Diameter! Strain Pounds at 60 Carrying | 25°C. (77°F.)|50°C. (122°F.) 2 : at 1 Ft. Spacing 
Number | Mils or Diam-| Inches Pounds | per Mile} GQ Capacity 
AW.G. | Num-] ‘eter Peet Ampst l-o 50 d-c 50 
ber [Inches ee cycles 25 byeles 2s 0 a StH 0 _ 
cycles | cycles | cycles | cycles | cycles | cycles 
cycles cycles cycles cycles 
G66 890 500 28 j0.1610| 1.650 36 000 15 085 0.0612 1395 0.067 1\0.0676|0.0734/0.0739/0. 1412) 0.282 | 0.339 0. 1907'0.0953)0. 0794 
96R1 750 000 42 10.1296) 1.154 34 200 12 345 0.0408 1160 0.0786/0.0791|0.0860/0.0865)0. 1617] 0.323 | 0.388 j0.216 {0.1080 0.0960 
939 650 000 50 (0.1097) 1.126 29 500 10 761 0.0406 1060 0.0909/0.0915)0.0994/0. 1001/0. 1621) 0.324 | 0.2 . 108910. 0908 
360R1 600 000 50 |0.1053} 1.007 27 500 9 905 0.0387 1020 0.0984/0.0991|0. 1077/0. 1084/0. 1644} 0.329] 0. 1104)0.0921 
938 550 000 50 10.1009) 1.036 25 200 9 103 0.0373 960 0. 1076|0. 1081/0. 1177/0. 1183/0. 1663] 0.333 | 0.4 1119/0. 0982 
510 000 50 10.0970} 1.000 22 700 8 485 0.0360 910 0.1173}0.1178|0. 1283/0. 1289/0, 1681) 0.336) 0. 1131/0. 0043 
500 000 18 10,1558) 1.080 21 400 8 263 0.0394. 900 0.1178/0.1184\0. 1289/0. 12960. 1630) 0.326 | 0.3 1164!0 0920 
450 000 21 10.1353] 1.074 19 300 7 476 0.0398 850 0.1319/0. 1324/0. 1443/0. 1448/0. 1630/ 0.326 | 0. 1106]0.0922 
400 000 2t 10.1227; 1.014 17 200 6 642 0.0376 810 0. 1485/0. 1491/0. 1624/0. 1651/0. 1658) 0.332 | 0.3 1126)0.0939 
380 500 22 10.1211} 1.003 16 300 6 331 0.0373 780 0.1565/0.1572!0.1712/0.1719!0. 1663) 0.333 | 0. 1130/10 .0942 
350 000 21 |0.1196} 0.950 15 100 5 813 0.0353 750 0.1695,0. 1700/0. 1854)0. 1860/0. 1691) 0.3331 0. 1150!0. 0958 
350 000 15 |0.1444) 0.860 15 400 5 776 0.0311 740 0.1690'0. 1695/0. 1849/0. 1854/0. 1754| 0.351 | 0.42 1185.0 .0988 
350 000 30 |0.1059) 0.736 16 100 5 739 0.0253 700 0.1685/0. 169010. 1843/0. 1849/0. 1860) 0.372 | 0. 1241/0. 1034 
321 000 22 0.1113) 0.920 13 850 5 343 0.0340 700 0.1851/0.1856:0.202 [0.203 |0.1710] 0.342 | 0.- 1161!0.0968 
93° 300 000 18 |0.1205} 0.839 13 100 + 984 0.0307 670 0.1980/0.1985'0.216 |0.217 j0.1761] 0.35210. 1194/0 .0995 
903R1 300 000 15 |0.1338) 0.797 13 200 4 953 0.0289 660 0.1969/0.1975'0.215 |0.216 |0.1793}] 0.359 | 0.4: 1212,0. 1010 
178R2 300 000 12 |0.1507) 0.750 13 050 4 937 0.0266 650 0.1964/0.1969/0.215 (0. 216 |0.1833] 0.367) 0. 1234:0. 1028 
926 250 000 18 0.1100] 0.766 10 950 4 155 0.0279 600 0.238 |0.239 |0.260 j0.261 |0.1810/ 0.362 | 0.4 12260. 1022 
915R1 250 000 15° 10.1214) 0.725 11 000 4+ 148 0.0266 590 0.237 |0.238 |0.259 |0.260 |0.1834| 0.367 | 0. 124610. 1038 
DARL 250 000 12 |0.1368; 90.683 11 000 4.133 0.0245 580 0.237 [0.238 |0.259 |0.260 |0. 1876] 0.375 | 0. 1267'0. 1066 
923 4/0 18 10.1005; 0.700 9 300 3 521 0.0255 530 0.281 [0.282 |0.307 10.308 |0.1855/ 0.371 | 0. 1258'0. 1049 
922 4/0 15 |0.1109| 0.663 9 300 3 510 0.0238 520 0.281 |0.282 {0.307 (0.308 |0.1889] 0.378 | 0. . 1278/0. 1065 
5OR2 4/0 14 0.1152) 0.650 9 300 3 510 0.0234 520 0.280 |0.281 {0.306 '0.307 0.1898] 0.3800. .1285:0.1071 
158R1 3/0 16 10.0961; 0.606 7 500 2785 | 0.0221 460 0.354 |0.355 |0.387 |0.388 |0.1928/ 0.386 | 0. 1310.0. 1091 
f9OGRL 3/0 15 /0.0996} 0.595 7 600 2 785 0.0214 460 0.353 0.354 ee |0.387 |0.1943/ 0.389 | 0. 131610. 1097 
STOR2 3/0 12 0.1123}; 0.560 7 600 2 772 0.0201 450 0.352 |0.353 |0.385 (0.386 |0.1976| 0.395 | 0. 1338:0. 1115 
9DNIR2 2/0 15 /0.0880} 0.530 5 950 2 213 0.0191 370 0.446 |0.446 |0.487 ,0.487 |0.200 | 0.400) 0. 135710. 1131 
+12R2 2/0 14 (0.0913) 0.515 6 000 2 207 0.0184 370 0.446 |0.446 [0.487 |0.487 [0.202 | 0.404; 0.4 1368.0.1140 
937 2/0 13 j|0.0950] 0.505 6 000 2 203 0.0181 370 0.446 [0.446 [0.487 |0.487 (0.203 | 0.406] 0. 1375.0.1146 
930 125 600 14 |0.0885) 0.500 5 650 2 083 0.0180 360 0.473 [0.473 {0.517 |0.517 (0.203 | 0.466 | 0. 1378 0.1149 
O84 121 300 15 {0.0836}; 0.500 5 400 2 015 0.0179 350 0.491 \0.491 \0.537 0.537 10.203 | 0.407 | 0.488 :0.276 1378 0.1149 
901 119 400 12 |0.0936| 0.470 5 300 1 979 0.0165 340 0.507 |0.507 j0.555 |0.555 |0.207 0.415 | 0.498 [0.2 1400.0.1167 


t¥or conductor at 75°C., air at 25°C., wind 1.4 miles per hour (2 ft/sec), frequency =60 cycles, average tarnished surface. 


TABLE 8-B—CHARACTERISTICS OF GENERAL CABLE TYPE HH HOLLOW COPPER ConDUCTORS 


(General Cable Corporation) 


Conduc- 
tor 
Size 
Cireular 
Mils or 
ALW.G, 


1 000 
950 
900 
850 


800 
790 
750 
700 
650 
600 
550 
5l2 
500 


500 
500 


000 


A 0 


Out- 
side) 
Diam- 

eter 
Inches 


Pe ee 
we St 
= 
a) 


Notes: 


Seo. eerns 


Wall 
Thick- 
ness 
Inches 


.150* 
.147* 
.144* 
140* 


.137* 
‘131t 
.133* 
“130* 
-126* 
1123 
“119* 
115% 


.115* 
.109F 
.130T 


.144t 
111* 
105t 
106* 
100t 


102* 
o96t 
096* 
o9It 
O91* 
086t 
O94t 
O98t 


082+ 
O80T 
080t 


ece escsocococso cecscecsoeo secccsseo esoco 


Geo- 
Weight} Break- | met- 
Pounds} ing ric 
per |Strength] Mean 
Mile | Pounds |Radius 
Feet 
16 160) 43 190 |0.0833 
15 350! 41 030 |0.0805 
14 540] 38 870 |0.0778 
13 730} 36 710 10.0751 
12 920] 34 550 |0.0722 
12 760] 34 120 |0.0646 
12 120] 32 390 |0.0691 
11 310] 30 230 |0.0665 
10 500] 28 070 |0.0635 
9 692] 25 910 |0.0615 
8 884) 23 750 |0.0582 
8 270} 22 110 |0.0551 
8 076] 21 590 |0.0547 
8 074| 21 590 |0.0494 
8 068! 21 590 |0.0420 
8 063! 21 590 [0.0384 
7 268) 19 430 (0.0518 
7 266) 19 430 |0.04162 
6 460! 17 270 \0.0478 
6 458) 17 270 |0.0428 
5 653) 15 110 |0.0443 
5 650} 15 110 |0.0393 
4 845] 12 950 |0.0399 
4 843) 12 950 |0.0355 
4 037) 10 790 |0.0357 
4 036) 10 790 {0.0315 
4 034) 10 790 {0.0292 
3.459) 9 265 10.0243 
3.415) 9 140 lo. 281 
2707; 7 240 |v.0230 
2 146) 5 750 10.0186 


Ap- r 
prox. vee La 
Cur- Resistance , Inductive Reactance 
rent Ohms per Conductor per Mile Ohms per Conduc- 
Carry- tor per Mile at 
Gane 25°C. (77°F.) 50°C. (122°F.) 1 Foot Spacing 
jy Tae | 25 | 50 | 60 |g, | 25 | 50 | 60 | 25 | 50 | 60 
<Amps cycles | cycles | cycles cycles | cycles | cycles | cycles | cycles | cycles 
' { 
1620 |0.0576/0.0576 0.0577|0.0577/0. 0630/0. 0630!0.0631/0.0631!0. 1257; 0.251 | 0.302 
1265 }0.0606/0.0606'0.0607|0.0607/0. 0663/0. 0664/0 .0664|0.0664/0. 1274] 0.255 | 0.306 
1505 |0.0640/0,0640,0.0641/0.0641/0. 0. 0.0701,0.0701/0. 1291) 0.258 | 0.310 
1450 |0.0677/0.0678/0 .0678/0.0678/0. 0. 0.0742'0.0742|0. 1309] 0.262 | 0.314 
1390 |0.0720/0.0720/0.0720/0.0721/0. 0. 0.078810.0788 0.1329] 0.266 | 0.319 
1335 !0.0729|0.0729/0.0730|0.0730)/0. 0. j0.0799°0.0799 0.1385) 0.277 | 0.332 
1325 |0.0768:0.0768/0.0768/0.0769/0. 0. 0.0841 0.0841/0. 1351) 0.270 | 0.3824 
1265 |0.0822,0.0823/0.0823/0.0823)0. 0. 0.0901/0.0901/0. 1370) 0.274 | 0.329 
1200 = |0.0886'0.0886}0.0886/0.0887/0. 0. '0.0970!0 0970/0. 1394) 0.279 | 6.335 
1140 [0.0959 0.0960/0.0960/0.0960)/0. 0.1041/0.1051'0. 1051/0. 1410] 0.282 | 0.338 
1075 |0.1047:0, 1048/0. 1048/0. 1048/0. 0. 6/0.1147:0. 1147/0. 1437) 0.287 | 0.345 
1020) |0.1124'0,1125]0.1125/0.1125)0. 0. 0.1231;0.1231/0. 1466] 0.293 | 0.352 
1005 (0.1151/0.1151/0. 1152/0. 1152)0. 0. 0.126010. 1260/0. 1469 0.294 | 0.353 
978 (0.1151/0.1152/0.1152/0.115210. 9/0. 0.1260;0. 1261/0. 1521) 0.304 | 0.365 
937 [0.1150/0.1151}0.1152/0.1153)0. 0.1259/0. 1260.0. 1260)0. 1603) 0.321 | 0.385 
915 |0.1150/0.1150/0. 1152/0. 1152/6. 0.1259!0. 1260:0. 1261/0. 1648; 0.330 | 0.396 
939 |0.1279/0.1280)0. 1280/0. 1280/0. 0. 0.1401,0.1401:0. 1496) 0.299 | 0.359 
910 §0.1278/0. 1279/0. 1279/0. 1280/0. 10. 0.140010. 1401/0. 1554! 0.311 | 0.373 
864 |0.1489/0. 1440/0. 1440/0. 1440/0. 510. 0. 1576:0.1576/0.1537| 0.307 | 0.369 
838 0, 1438/0. 1439)0. 1439/0. 1440/0. 0. 0.1575/0. 1576/0. 1593] 0.319 | 0.382 
790 |0.1644,0. 1645/0. 1645/0. 1645/0. 0. 0.1800/0. 1800/0. 1576) 0.315 | 0.378 
764 |0.1644/0. 1645/0. 1645/0. 1646/0. 0. 0. 1800/0 .1801|/0. 1637] 0.328 | 0.393 
709 + |0.191810.1919/0. 1919/0. 1919/0. 0. 0.210 |0.210 |0.1628} 0.326 | 0.391 
687 |0.1917/0.1918)0.1918}0.1919/0. Oo. 0. 0.210 |0. 1688] 0.338 | 0.405 
626 {0.230 |0.230 |0.230 10.230 |O0 252 |0. 0.2 0.252 j0. 1685) 0.337 | 0.404 
606 10.230 |0.230 10.2380 [0.230 ID 0 0. (0.252 (0.1748) 0.350 | 0.420 
594 (0.230 [0.230 10,230 j0.230 |( 0 0. 0.252 |0.1787| 0.357 | 0.429 
524 [0.268 [0.268 (0.268 ]0.268 {6 0. 2¢ 0. 2¢ 0.294 J0.1879] 0.376) 0.451 
539 10.272 (0.272 |0,.272 |0. 0. 2¢ 0.298 }0.1806) 0.361 | 0.433 
454 10.348 10.343 J0.343 [0.5 0.375 |0.375 [0.1907] 0.381 | 0.458 
382 [0.432 [0.4382 |0.432 |0.4 0.473 |0.473 |0.201 | 0.403] 0.483 


*Thickness at edges of interlocked segments, tThickness uniform throughout. 
(1) Conductors of smaller diameter for given cross-scctional area also available; in the naught sizes, some additional diameter expansion is possible. 
(2) For conductor at. 75°C., air at 25°C., wind 1.4 miles per hour (2 ft/sec), frequency =60 cycles. 


t 
st 
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_O 


c 
Shunt Capacitive 
Reactance 
Megohims per 
Conductor _per 
Mile at 1 Foot 


Spacing 

25 50 60 

cycles | cycles | cycles 

| 

.1734'0.0867 0.0722 
1757 0.0879/0.0732 
1782 0.0891)0.0742 
- 1805/0.0903 0.0752 
1833 0.0917|0.0764 
1906 0.0953)0.0794 
1864 0.0932|0.0777 
1891 0.0945/0.0788 
1924 0.0962:0.0802 
1947 0.0974,0.0811 
1985 0.0992'0.0827 
202 0.101210, 0843 
203 .0.1014!0.0845 
209 :0. 104710 .0872 
219 0.1098/0.0915 
225 (0, 1124,0.0937 
207 10. 1033/0.0861 
214 |0.1070/0.0892 
212 (0.1061/0.0884 
219 |0.1097|0.0914 
218 /0.1089/0.0907 
225 |0.1127/0.0939 
225 10.1124/0.0937 
232 |0.1162/0.0968 
233 [0.1163/0.0970 
241 (0.1203/0. 1002 
245 |0.1226)0. 1022 
257 10.1285/0. 1071 
248 |0. 1242/0. 1035 
262 |0.1309)0, 1091 
276 /0.1378/0.1149 
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& TABLE 4-A—CHARACTERISTICS OF COPPERWELD-COPPER CONDUCTORS 


(Copperweld Steel Company) 


Size of Conductor Ta Ve La Xa’ 
Geo- | Approx. Resist: Resistance Inductive Reactance Capacitive 
Garner Rated metric | Current Ohms Bar Coudactor Ohms per Conductor Ohms per Conductor | Reactance Megohms 
Number and ‘Diameter ial Break- Mean | Carrying] per Mile at 25°C.(77°F.) per Mile at 50°C. (122°F.) per Mile per Conductor 
Nominal of Wires Outside | Cine: ing Radius | Capacity Small Currents Current Approx. 75% of One ft. Spacing per Mile 
Nomina utside | Circular } pocg at 60 at 60 Capacity** Average Currents One ft. Spacing 
Desig- |______________| Diam- | Mils or | 7p. =} Cycles | Cydes |---| >a sad dt 
nation eter | A.W.G. . = Feet Amps* 
Copper- Copper Inches s P ae 25 50 60 eb 25 50 60 25 | 50 60 25 50 60 
weld a cycles | cycles | cycles eycles | cycles | cycles | cycles | cycles | cycles | cycles | cycles | cycles 


350 B 7x .1576" [12x 1576” 350 000 


788, 409) 0.0220 660 0. 1658/0. 1728/0. 1789/0. 1812/0. 181210. 1915/0.201 10.204 10. 1929/0.386 10.463 [0.243 |0. 1216/0. 1014 
350 EK | 4x.1470” |15x.1470” .735 | 350 000 )23 850] 6 536) 0.0245 680 10. 1658)0. 1682/0. 1700]0. 170510. 1812/0, 1845/0. 1873]0. 1882]0.187510.375 |0.450 [0.248 10, 1241/0. 1034 
350 V 3x.1751” | 9x. 1893” .754 | 350 000 |23 480] 6 578) 0.0226 650 =} 0. 1655/0. 1725/0. 1800)0. 1828)0. 1809}0. 1910/0. 202 10.206 10. 1915]0.383 |0.460 [0.246 )0. 1232/0. 1027 
300 E Tx.1459" 112x. 1459” .729 | 300 000 j27 770] 6 351! 0.0204 600 = 40. 1934]0. 200 |0.207 |0.209 [0.211 [0.222 /0.232 |0.235 10. 1969/0394 10.473 J0.249 /0. 1244/0. 1037 
300 EK j| 4x.1361” 15x, 1361” -680 | 300 000 [20 960] 5 602! 00227 610 = | 0.193410. 1958/0.1976/0.1981]0.211 |0.215 j0.218 10.219 1914/0,383 |0.460 J0.254 |0.1269/0. 1057 
300 V 3x.1621” | 9x. 1752” .698 } 300 000 |20 73 639] 0.0209 590 |0.1930/0.200 10.208 ]0.210 J0.211 ]0.222 |0, 233 [0.237 [0.1954/0.391 (0.469 10.252 (0. 1259/0. 1050 


250 E 7x.1332" 12x. 1332” 
250 EK | 4x.1242” |15x. 1242” 
250 V 3x, 1480” | 9x. 1600” 


666 | 250 000 [23 920 
621 | 250 000 |17 840 
.637 | 250 000 [17 420 


0.01859 540 40.232 
0.0207 540-10. 232 
0.01911 530 = |0.232 


0.01711 480 [0.274 
0.01409 460 =} 0.273 
0.01903 490) 40.274 


239 10.245 10,248 
235 10.236 [0.237 
.239 10.246 [0.249 


254 (0.265 |0.275 |0.279 
254 [0.258 |0.261 |0.261 
253 ]0.264 10.276 0.281 


3800 ]0.312 }0.323 10.326 
299 |0.318 }0.336 |0.342 
3800 10.304 [0.307 [0.303 


202 10.403 (0.484 
1960!0.392 |0.471 
200 (0.400 [0.480 


206 |0.411 493 
215 [0.431 )0.517 
200 j0.401 j0.481 


1276|0. 1064 
1301/0, 1084 
. 1292/0. 1077 


1306/0. 1088 
.1324]0. 1108 
. 1831/0. 1109 


Mareen CR tncr DANY Weight Lbs. 


BEeesh Sey 
eo) 


Das 
Odws 


4/0B 7x .1225" |12x. 1225” 
4/0G 2x.1944” | 5x.1944” 
4/0 EK | 4x.1143” 15x. 1143” 


281 |0.287 0.290 
284 10.294 10.298 
277 |0.278 |0.279 


IANS 
-1= 6 


4 
4 
3 
4/0 V 3x. 1361" | 9x.1472” 586 4/0 |15 000) 3 0.01758 470 = [0.274 0.281 }0.288 ]0.291 f0.299 }0.311 ]0.323 |0.328 10.204 [0.409 10.490 40.264 |0. 1322/0. 1101 
3 750) 0.01558 470 [0.273 |0.280 [0.285 10.287 {0.299 ]0,309 /0.318 |0.322 0,421 |0.505 [0.269 10. 1344/0. 1120 
3/0E 7x.1091’" |12x.1091” 545 3/0 16 800) 3 552) 0.01521 420 10.346 |0.353 [0.359 (0.361 {0.378 [0.391 [0.402 |0.407 [0.212 [0.423 [0.508 ]O.270 |0. 1348/0.1123 - 
3/0 J 3x, 1851" | 4x.1851” 555 3/0 {16 170) 3 732) 0.01156 410 0.344 |0.356 0.367 10.372 : 225 10.451 |0.541 0.268 
3/0G 2x.1731” | 2x.1731” 519 3/0 112 860] 3 305, 0.01254 400 40.344 |0.855 [0.365 |0.369 221 10.443 10.531 0.273 
3/0 EK | 4x.1018” | 4x.1018” 509 3/0 |12 370} 3 134] 0.01697 420 = 40.346 |0.348 [0.350 /0.351 206 |0.412 [0.495 0.274 
3/0V 8x.1311" | 9x.1311" $22 3/0 {12 220) 3 154) 0.01566 410 = 0.345 |0.352 |0.360 /0.362 210 /0.420 [0.504 {0.273 
3/0F 1x, 1632” | 6x. 1632” 490 3/0 9 980] 2 974) 0.01388 410 0.344 |0.351 [0.356 0.358 216 (0.432 10.519 ]0.277 
3 


2/0K 4x.1780” | 3x.1780” 
2/03 3x.1648” | 4x.1648” 
2/0G 2x.1542” | 5x. 1542” 
2/0V 3x. 1080" | 9x.1167” 
2/0F Ix. 1454 | 6x. 1454’ 


1/0K 4x.1585" | 3x. 1585” 
1/0J 3x.1467” | 4x. 1467” 
1/0G 2x.1373” | 5x.1373” 
1 


: 237 (0.475 10.571 
494 2/0  |13 430) 2 960} 0.01029 350 =| 0.434 5 
463 2/0 10 510] 2 622) 0.01119 350 = 0. 434 
465 2/0 9 846] 2 502] 0.01395 360 = [0.435 
436 2/0 8 094] 2 359] 0.01235 350 = 40.434 


475 1/0 114 490; 2 703] 0.00812 310 [0.548 
-440 1/0 10 970] 2 346! 0.00917 310 10.548 
412 1/0 8 563) 2 073| 0.00996 310 [0.548 


SSS SSSSSS SSSSS SSS SSS 
nw 
OQ 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0. 
4/0F 1x.1833” | 6x. 1833” | 0.550 4/0 12 290) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Q 
0 
0 
0 
411) 0.00912 360 =| 0.434 ]0.447 10.459 /0. 466 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
: 0. 
.293 |0. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
te) 
) 
0 
0 
0 
0 


/OF 1x. 1294” | 6x.1294” | 0.388 1/0 6 536] 1 870) 0.01099 310 10.548 10.554 [0.559 |0.562 294 
1N 5x, 1546" | 2x.1546” | 0.464 1 15 410} 2 541) 0.00638 280 =|0.691 10.705 j0.719 [0.726 281 
1K 4x.1412” | 3x.1412" | 0.423 1 11 900| 2 144) 0.00723 270 = 40.691 )0.704 [0.716 |0.722 288 
1J 3x.1307” | 4x.1307” | 0.392 1 9 000} 1 861) 0.00817 270 = |0.691 |0.708 [0.714 |0.719 

1G 2x,1222” | 5x.1222” | 0.367 1 6 956] 1 649) 0.00887 260 0.691 |0.702 10.712 {0.716 298 
1F 1x.1153” | 6x.1153” | 0.346 1 5 266] 1 483) 0.00980 270 = |0.691 |0.698 |0.704 10.705 0.302 
2P §x.1540" | 1x.1540” | 0.462 2 16 870} 2 487, 0.00501 250 10.871 [0.886 |0.901 |0.909 0.281 
2N 5x.1377" | 2x.1377" | 0.413 2 12 680) 2 015) 0.00568 240 10.871 0.885 |0.899 |0.906 0. 289 
2K 4x.1257” | 3x.1257" | 0.377 2 9 730) 1 701) 0.00644 240 «10.871 |0.884 |0.896 /0.902 0. 296 
2] 3x. 1164” | 4x.1164" | 0.349 2 7 322] 1 476) 0.00727 230 = 10.871 |0.883 |0.894 10.899 0.301 
2A 1x. 1699” | 2x.1699” | 0.366 2 5 876] 1 356] 0.00763 240 10.869 10.875 10.880 |0.882 0.298 
2G 2x. 1089” | 5x.1089” | 0.327 2 5 626] 1 307/ 0.00790 230 = 10.871 |0.882 |0.892 [0.896 0. 306 
2F 1x, 1026” | 6x.1026” | 0.308 2 4 233) 1 176} 0.00873 230 = {0.871 |0.878 |0.884 }0.885 0.310 
3F 6x.1371” | 1x.1371% | 0.411 3 13 910) 1 973] 0.00445 220 1,098 |£.113 11.427 |1.136 0.290 
3N 5x.1226” | 2x.1226 | 0.368 3 10 390) 1 598) 0.00506 210 1.098 {1.112 )1.126 }1. 133 0. 298 
3K 4x.1120” | 3x.1120” | 0.336 3 7 910) 1 349) 0.00574 210 1.098 |1.111 }1.123 |1.129 0. 804 
3d 3x.1036” | 4x. 1036" | 0.311 3 5 955) 1 171) 0.00648 200 1.098 /1.110 ]1.121 |1.126 0.309 
3A 1x.1513” | 2x.1513” | 0.326 3 4 810} 1 075) 0.00679 210 1.096 |2.102 |1.107 |1.109 0.306 
4P 6x,1221” | 1x,1221” } 0.366 4 11 420) 1 564) 0.00397 190 1.385 |1.400 |1.414 |1.423 0.298 
4N 5x,1092” | 2x.1092” + 0.328 4 8 460] 1 267] 0.00451 180 1.385 41.399 |1.413 41.420 0.306 
4D 2x, 1615” | 1x.1615” | 0.348 4 7 340) 1 191) 0.00566 190 1.382 }1.389 /1.396 1.399 0.301 
4A 1x.1347” | 2x.1347” | 0.290 4 3 938} 853] 0.00604 180 1,382 |1.388 /1.393 |1.395 0.314 
5P 6x, 1087” | 1x. 1087” | 0.326 5 9 311] 1 240] 0.00353 160 41.747 |1.762 |1.776 |1.785 0.306 
5D 2x. 1438" | 1x. 1438” | 0.310 5 6 035) 944) 0.00504 160 1.742 |1.749 (1.756 {1.759 0.310 
5A 1x. 1200” | 2x.1200” | 0.258 5 3 193] 676] 0.00538 160 (1.742 |1.748 41.753 11.755 0.323 
6D 2x.1281” | 1x.1281” | 0.276 6 4 942| 749) 0.00449 140) 2.20 [2.21 |2.21 |2,22 0.318 
6A 1x.1068” | 2x.1068” | 0.230 6 2 585} 536; 0.00479 140) 42.20 |2.20 |2.21 [2.21 0.331 
6C Ix, 1046 | 2x.1046” | 0.225 6 2 143} = 514) 0.00469 130 12.20 j2.20 12.21 |2,21 0.333 
7D 2x,1141” | 1x.1141” | 0.246 7 4 022} 594) 0.00400 120) -|2,.77 |2.78 |2.79 |2.79 0.326 
TA 1x.1266” | 2x.0895” | 0.223 7 2 754) 495) 0.00441 120) (12.77 [2.78 |2.78 |2.78 0.333 
8D 2x.1016” | 1x.1016” | 0.219 8 3 256) 471) 0.00356 110) }3.49 8.50 13.51 13.51 0.334 
8A 1x,1127” | 2x.0797" | 0.199 8 2 233) 392} 0.00394 100 43.49 [3.50 43.51 13.51 0, 341 
8c 1x,0808” | 2x.0834" | 0.179 8 1 362) 320) 0.00373 100 13.49 [3.50 (3.51 [3.51 
96D 2x.0808” | 1x.0808” | 0.174 914 1 743} 298) 0.00283 85 [4.91 |4.92 /4.92 [4.93 0.297 10.593 )0.712 [0.351 


*Based on a conductor temperature of 75°C. and an ambient of 25°C., wind 1.4 miles per hour (2 ft/sec.), frequency =60 cycles, average tarnished surface. 
**Resistances at 50°C. total temperature, based on an ambient of 25°C. plus 25°C. rise due to heating effect of current. The approximate magnitude of current necessary to produce the 
25° C. rise is 75% of the “Approximate Current Carrying Capacity at 60 cycles.” 


finding the appropriate table for a particular conductor. Aluminum Cable Steel Reinforced, represents stranded 
For these figures open circles, solid circles, and cross- paper. 

hatched circles represent copper, steel, and aluminum con- The authors wish to acknowledge the cooperation of the 
ductors respectively. The double cross hatched area inthe conductor manufacturers in supplying the information for 
insert for Table 2-B, Characteristics of “EXPANDED” compiling these tables. 


Chapter 3 


Characteristics of Aerial Lines 


TABLE 4-B—CHARACTERISTICS OF COPPERWELD ConbDUCTORS 
(Copperweld Steel Company) 


Rated 
Breaking Geometric 
A f Load Pounds} | Mean 
‘ Outside rene Weight] Radius 
Nominal | Number Diam- ons Poundslat 60 cycles 
Con- | and Size eter ductor Strength per and 
ductor | of Wires) tocheg | Circular Nile | Average 
sie Mils : Currents 
High | Extra “Feet 
High : 

Ts" 19 No. 5] 0.910 | 628 900 [55 570/66 91019 344 0.00758 
13/16" |19 No. 6} 0.810 498 800 [45 830/55 530]7 410 0.00675 
93/32" 119 No.7) 0.721 | 395 500 137 740/45 85015 877 0.00601 
91/32" {19 No.8} 0.642 | 313 700 [31 040137 690]4 660 0.00535 
9/167 | 19 No.9] 0.572 | 248 800 ]25 500/30 61013 696 0.00477 
5/8” 7 No. +] 0.613 | 292 200 ]24 780/29 43014 324 0.00511 
afi’ | 7No. 5} 0.546 | 231 700 ]20 470/24 650)3 429 0.00455 
12” 7 No.6] 0.486 | 183 800 116 890/20 460]2 719 0.00405 
T/167 7 No.7] 0.433 145 700 [13 910}16 890]2 157 0.00361 
3/8" 7 No.8] 0.385 | 115 600 ]11 440/13 890}1 710 0.00321 
11/32" | 7 No.9] 0.343 91 650 7 9 393/11 280]1 356 0.00286 
5/16" | 7 No. 10) 0.306 72 680 | 7 758) 9 196]1 076 0.00255 
3No.5 3 No.5] 0.392 99 310 | 9 262/11 860]1 467 0.00457 
3No. 6 3.No. 6] 0.349 78 750 [ 7 639] 9 75411 163 0.00407 
3.No.7 3.No.7] 0.311 62 450 | 6 291) 7 922] 922.4) 0.00363 
3.No.8 3 No.8] 0.277 49 530 | 5 174) 6 282] 731.5] 0.00323 
3 No.9 3.No.9] 0.247 39 280 } 4 250) 5 129] 580.1); 0.00288 
3.No. 10} 3 No. 10) 0.220 31 150 | 3 509) 4 160) 460.0; 0.00257 
TAS” 19 No. 5] 0.910 0.01175 
13/16" | 19 No. 6} 0.810 0.01046 
23/32" | 19 No. 7] 0.721 0.00931 
2132" |19 No. 8] 0.642 0.00829 
9/16 |19 No.9] 0.572 0.00739 
5/8” 7 No.4] 0.613 0.00792 
O/1i” | 7 No.5] 0.546 0.00705 
Vea 7 No.6} 0.486 0.00628 
7/16" | 7No. 7] 0.483 0.00559 
3/8" 7 No.8] 0.385 0.00497 
132" | 7 No.9] 0.343 0.00443 
5/16” | 7No. 10) 0.306 0.00395 
3 No. 5 | 3No.5]| 0.392 0.00621 
3No.6 | 3No. 64 0.349 0.00553 
$No.7 3No.7] 0.311 0.00492 
3No.8 | 3No. 8] 0.277 0.00439 
3No.9 | 3 No.9] 0.247 0.00391 
3.No. 10] 3 No. 10] 0.220 0.00348 
3.No. 12] 3 No. 12) 0.174 0.00276 


*Based on conductor temperature of 125°C. and an ambient of 25°C. : 
**Resistance at 75°C. total temperature, based on an ambient of 25°C. plus 50°C. rise due to heating effect of current. 
The approximate magnitude of current necessary to produce the 50°C. rise is 75% of the “Approximate Current Carrying Capacity at 60 Cycles.” 


Tq Ta Zo Xa 
Approx. Resistance Resistance Inductive Reactance Capacitive 
Current Ohms per Conductor Ohms per Conductor Ohms per Conductor | Reactance Megohms 
Carrying per Mile per Mile at 75°C. (167°F.) per Mile per Conductor 
Capacity* at 25°C. (77°F.) Current Approx. 75%, of One Ft. Spacing per Mile 
Amps Small Currents Capacity** Average Currents One Ft. Spacing 
at 
GO Cyeles} a, | 25 | 50 | 60 | yg. | 25 | 50 | oo | 25 | 50 | oo | 25 | 50 | 60 
cycles } cycles | cycles eycles | cycles | cycles | cycles | cycles | cycles [cycles | cycles | cycles 
30% Conductivity 
620 0.306 /0.316 |0.326 10.331 10.363 10.419 }0.476 |0.499 J0.261 |0.493 0.592 10.233 |0.1165/0.0971 
540 0.386 10.396 ]0.406 [0.411 ]0.458 [0.518 |0.580 |0.605 10.267 0.505 j0 606 [0.241 10. 1206/0. 1005 
470 0.486 |0.496 [0.506 j0.511 |0.577 {0.643 |0.710 |0.737 |0.273 0.517 10.621 {0.250 10. 1248)0. 1040 
410 0.613 |0.623 |0.633 |0.638 10.728 |0.799 10.872 |0.902 |0.279 |0.529 10.635 [0.258 |0. 1289)0. 1074 
360 (0 773 |0.783 |0.793 |0.798 10.917 |0.995 11.075 |1.106 |0.285 |0.541 {0.649 fo 266 |0. 1330/0. 1109 
410 0.656 |0.664 )0.672 |0.676 10.778 |0.824 ]0.870 10.887 ]0.281 10.533 /0.640 |0.261 0, 1306/0. 1088 
360 0.827 10.835 |0.843 |0.847 10.981 |1.030 [1.080 {1.099 ]0. 287 10.545 {0.654 ]0. 269 JO. 134710. 1122 
310 1,042 11.050 |1.058 |1.062 ]1.237 |1.290 11.343 11.364 10.293 10.557 10.668 0.278 JO. 1388/0 1157 
270 1.315 [1,323 /1.331 [1.335 ]1.560 [1.617 |1.675 |1.697 {0.299 j0.569 |0.683 [0.286 {0.14290 1191 
230 1,658 [1.666 |1.674 /1.678 }1.967 [2.03 |2.09 |2.12 ]0.305 |0.581 |0.697 J0.294 {0. 1471/0. 1226 
200 2.09 j2.10 |2.12 (2.11 f2.48 j2.55 ]2.61 |2.84 0.311 ]0.592 ]0.711 [0.303 JO. 1512/0. 1260 
170 2.64 (2.64 |2.65 (2.66 j3.13 (3.20 |3.27 |3.30 [0.316 |0.604 |0.725 Jo 311 |O. 1553/0. 1294 
220 1.926 /1.931 ]1.936 [1.938 ]2.29 |2.31 |2.34 |2.35 10.289 10.545 10.654 10.293 10.1465/0. 1221 
190 2,43 12.43 12.44 [2.44 42.88 [2.91 |2.94 12.95 [0.295 10.556 10.668 [0.301 0. 1506/0. 1255 
160 j3.06 |3.07 |3.07 [3.07 }3.63 )3.66 {3.70 |8.71 [0.301 [0.568 10.682 }0. 310 |0. 1547/0. 1289 
140 3.86 (3.87 |3.87 [3.87 |4.58 |4.61 [4.65 14.66 10.307 |0.580 |0. 696 0.318 |0. 1589/0. 1324 
120 4.87 |4.87 {4.88 |4.88 ]5.78 |5.81 15.85 j5.86 ]0.313 |0.591 |0.710 J0.326 10. 1629/0. 1358 
110 6.14 /6.14 16.15 (6.15 ]7.28 |7.32 [7.36 |7.38 ]0.319 ]0.603 ]0.724 0.334 /0. 1671/0. 1392 
40% Conductivity 
690 0.229 10.239 10.249 10.254 10.272 10.321 0.371 JO. 0. 0.1165)0.0971 
610 0.289 {0.299 0.309 |0.314 ]0.343 |0.396 |0.450 |0. 0 0. 1206/0. 1005 
530 0.365 (0.375 |0.385 10.390 40.433 |0.490 j0.549 |0. 0. 0. 1248/0. 1040 
470 0.460 ]0.470 |0.480 10.485 10.546 }0.608 |0.672 30. 0. 0. 128910. 1074 
410 0.580 |0.590 0.600 {0.605 10.688 [0.756 |0.826 [0. 0. 0. 1330/0. 1109 
470 =: |0. 492 10.500 0.508 {0.512 [0.584 10.624 /0.664 tO 0. 0. 1306]0. 1088 
410 0.620 {0.628 /0.636 {0.640 }0.736 {0.780 |0.843 |0. 0. 0. 1347/0. 1122 
350 = 0.782 10.790 |0.798 (0.802 }0.928 [0.975 |1.021 |1. 0. 0. 1388]0. 1157 
310 0.986 10.994 )1.002 |1.006 [1.170 |1.220 1.271 ]1. 0. 0. 1429/0. 1191 
270 1.244 |1.252 11.260 |1.264 |1.476 |1.530 /1.584 /1. 0. 0.1471/0. 1226 
230 1.568 1.576 }1.584 [1.588 ]1.861 ]1.919 /1.978 12. 0. 0.151210. 1260 
200 1.978 ]1.986 }1.994 |1.998 2.35 |2.41 {2.47 j2. 0. 0.1553}0. 1294 
250 1,445 }1.450 §1.455 |1.457 |1.714 |1.738 {1.762 it. 0. 0. 1465/0. 1221 
220 1,821 |1.826 j1.831 |1.833 ]2.16 |2.19 {2.21 2. 0. 0.150610. 1255 
190 2.80 |2.30 {2.31 |2.31 |2.73 2.75 {2.78 |2. 0. 0.1547/0. 1289 
160 2.90 |2.90 (2.91 |2.91 |3.44 |3.47 {3.50 13. 0. 0. 1589/0. 1324 
140 3.65 |3.66 [3.66 |3.66 |4.383 4.37 |4.40 |4. 0. 0. 1629/0. 1358 
120 4.61 |4.61 14.62 /4.62 [5.46 5.50 (5.53 ]5. 0. 0. 1671/0. 1392 
90 7.32 |7.33 7.33 |7.34 [8.69 8.73 {8.77 {8.78 0. 0.1754/0. 1462 


TABLE 5—SKIN EFFECT TABLE 


pee 


feet fred feed fond 


K x K x Kk 
1.00519 2.0 1.07816 3.0 1.31809 
1.00758 2.1 1.09375 3.1 1.35102 
1.01071 2.2 1.11126 3.2 1.38504 
1.01470 2.3 1.13069 3.3 1.41999 
1.01969 2.4 1.15207 3.4 1.45570 
1.02582 2.5 1.17538 3.5 1.49202 
1.03323 2.6 1.20056 3.6 1.52879 
1.04205 2.7 1.22753 3.7 1.56587 
1.05240 2.8 1.25620 3.8 1.60314 
1.06440 2.9 1.28644 3.9 1.64051 
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TABLE 6—INDUCTIVE REACTANCE SPACING FACTOR (x2) OHMS PER CONDUCTOR PER MILE 


25 CYCLES 
SEPARATION 
INCHES 
Feet 
0 1 2 3 4 5 6 7 8 9 10 11 
~Q} = 149.1256|-0.0908|-0.0701/-0.0555!-0. 0443|-0.0350|-0.0273!-0.0205/-0.0145|-0.0092|-0.0044 Xq at FUNDAMENTAL 
1 0.0040] 0.0078] 0.0113} 0.0145) 0.0176) 0.0205} 0.0232) 0.0258/ 0.0283] 0.0306] 0.0329 25 cycles EQUATIONS 
2 |0.0350] 0.0371] 0.0391] 0.0410] 0.0428] 0.0446] 0.0463] 0.0480) 0.0496] 0.0511] 0.0527| 0.0541 7 
3 10.0555] 0.0569] 0.0583] 0.0596! 0.0609! 0.0621| 0.0633] 0.0645] 0.0657, 0.0668] 0.0679} 0.0690 = 7#= 0.1164 logie 7 = Zo =Latj (Kota) 
4 10.0701{ 0.0711] 0.0722] 0.0732] 0.0741] 0.0751] 0.0760] 0.0770] 0.0779] 0.0788} 0.0797] 0.0805 d= separation, feet. 1 92: te a 4. 
5 10.0814! 0.0822! 0.0830] 0.0838] 0.0846] 0.0854! 0.0862| 0.0869) 0.0877] 0.0884} 0.0892] 0.0899 Zo=LattetI(Xa+Xe—2%4) 
6 [0.0906] 0.0913] 0.0920] 0.0927] 0.0933] 0.0940, 0.0946, 0.0953] 0.0959] 0.0965} 0.0972] 0.0978 
7 10.0984| 0.0990] 0.0996] 0.1002] 0.1007) 0.1013] 0.1019] 0.1024] 0.1030} 0.1035] 0.1041| 0.1046 
8 |0.1051 
9 0.1111 "CLE 
10 lo 1164| 20 CYCLES 
2 0119568 SEPARATION 
13 |0.1297 
14 10.1334 Inches 
15 0.1369] Feet 
16 |0.1402 2 3 4 5 6 7 ¢ 
17 |0.1432 Q 7 i e a 
18 0.1461] 9 | _-  J|-0,2513}-0.1812|-0. 1402/-0. 1111|-0.0885|-0.0701|-0.0545|-0.. 0410|-0. 0291|-0 .0184]-0 0088 Lq at 
19 0.1489) 1 0.0081] 0.0156] 0.0226) 0.0291] 0.0352) 0.0410] 0.0465) 0.0517] 0.0566] 0.0613] 0.0658 x Tt 
20 [0.1515] 5 |9.0701] 0.0742) 0.0782] 0.0820] 0.0857] 0.0392] 0.0927| 0.0960; 0.0992] 0.1023] 0.1053] 0.1082 50 cycles 
21 0.1539] 3 1971111] 0.1139] 0.1166) 0.1192] 0.1217, 0.1242] 0.1267] 0.1291} 0.1314) 0.1337] 0.1359] 0/1380 — z1=0..2328 login d 
22 0.1563} 4 jo. 1402| 0.1423] 0.1443] 0.1463! 0.1483) 0.1502] 0.1521} 0.1539] 0.1558} 0.1576] 0.1593) 0.1610 — d=separation, fect. 
23 |0.1585] 5 |g/1627| 0.1644] 0.1661! 0.1677; 0.1693] 0.1708] 0.1724] 0.1739] 0.1754] 0.1769] 0.1783] 0.1798 
24 }0.1607] 6 |0_1812!| 0.1826] 0.1839} 0.1853] 0.1866] 0.1880] 0.1893] 0.1906! 0.1918] 0.1931] 0.1943] 0.1956 
25 10.1627] 7 |9.1968| 0.1980} 0.1991| 0 0) 0.2026} 0.2037| 0 0. 0. 0. 0. 209: 
Fis Ottan 8 |0.2103 
2 2 9 
38 \0'1685| 12 Ce 60 CYCLES 
29 10.1702 0.2425 
30 0.1720) q2 |912513 SEPARATION 
31 0.1736! 0.2594 
: ; 0.27381 Feet 
34 |0.1783 ; 
Pema tes eee 40 1 2 3 4 5 6 7 8 9 10 Bl 
36/0. 18%7) 18 (0.2923 9 | — |-0. .2174|-0 . 1682|-0. 1333!-0. 1062/-0.0841|-0. 0654|-0. 0492/-0.0349|-0.0221|-0.0106 Xq at 
38 10.1839 0.2977) 4 0 ‘ 0.0187] 0.0271] 0.0349] 0.0423) 0.0492] 0.0558] 0.0620) 0.0679] 0.0735! 0.0789 60 1 
30 10.1852 0.3029] 2 |9.0841 0938] 0.0984] 0.1028] 0.1071) 0.1112| 0.1152] 0.1190] 0.1227) 0.1264| 0.1299 OU Cycles 
40 10.1865 0.3079] 3 [0.1333 0. 0. 0. 0. xu=0.2794 logio d 
; 0.3126] 4 j0.1682 0. 0. 0. 0. d=separation, feet. 
41 |0.1878 0.3170 
42 |o 1800 . 5 10.1953 0 0 0 0 
, 0.3214) 6 10.2174 0 0 0 0 
43 10.1902 
0.3255) 7 10.2361 0 0 0 0 
44 /0.1913 0.3294 
. 8 0.2523; 
45 10.1925 0.3333) 
46 |0.1936 2 9 0.2666 
ay 0. 10 /0.2794| 
47 |0.1947 0 
48 |0.1957 ; ese 
49 [0.1968] 30 [0-3439] 12 [0.3015 
: 0. 13 |0.3112 
0. 14 |0.3202 
0. 15 |0.3286' 
0. 16 [0.3364 
0. 17 }0.3438 
0. 18 10.3507 
QO. 19 |0.3573 
0. 20 |0.3635) 
0. 21 10.3694 
0. 22 (0.3751 
0. 23 |0.3805 
0. 24 10.3856 
0. 25 |0.3906 
0. 26 |0.3953) 
. 27 9.3999 TABLE 7—ZERO-SEQUENCE RESISTANCE AND INDUCTIVE REACTANCE 
0. 39 Io. 4086 FACTORS (fe,X-)* 
: 30 |0.4127 ; Mi 
5: a eetee Ohms per Conductor per Mile 
0. 
. FREQUENCY 
0. Obm 
re 25 Cycles 50 Cycles 60 Cycles 
ie Te All 0.1192 0.2383 0.2860 
0. 0. 1.736 2.050 
0. . 1 2. 
0. 1. 2 2: 
0. 1. 2. 2. 
0. 1. 2. 2. 
0. 1. 2. 3: 
0. 1: 2. 3. 
0. 1! 3. 3. 
. 1 : . 
. 3 3 


*From Formulas: tThis is an average value which may 
re=0.004764f Mie used in the absence of definite in- 
ze=0.006985/ logic 4 665 600% ORDA OR: 


where f=frequency 
p= Resistivity (meter, ohm) 
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TABLE 8—SHUNT CAPACITIVE REACTANCE SPACING FACTOR (za) MEGOHMS PER CONDUCTOR PER MILE 


rr RL 


25 CYCLES 
SEPARATION 
INCHES 
Feet 
0 1 2 3 4 5 6 7 8 9 10 11 
—_— f 
0 | — |-0.1769)-0. 1276|-0.0987|-0.0782|-0. 0623|-0.0494|-0.0384|~-0.0289/-0.0205]-0.0130/-0.0062 %q ab FUNDAMENTAL 
1 0.0057] 0.0110] 0.0159] 0.0205] 0.0248] 0.0289] 0.0327] 0.0364) 0.0398] 0.0432| 0.0463 95 cycles EQUATIONS 
2 0494] 0.0523] 0.0551} 0.0577} 0.0603} 0.0628] 0.0652!) 0.0676] 0.0698] 0.0720) 0.0742) 0.0762 , d , , 1 , 
3 10.0782! 0.0802) 0.0821] 0.0839] 0.0857] 0.0875) 0.0892] 0.0909) 0.0925] 0.0941} 0.0957! 0.0972 za’ = .1640 logio w= ky =X +KG 
4 10.0987} 0.1002] 0.1016] 0.1030] 0.1044] 0.1058] 0.1071| 0.1084] 0.1097} 0.1109] 0.1122) 0.1134 d=separation, feet. aw, faa 
5 |0.1146] 0.1158] 0.1169] 0.1181) 0.11921 0.1203] 0.1214] 0.1225] 0.1235] 0.1246] 0.1256] 0.1266 Xo =Ma the — 28a 
6 1276] 0.1286] 0.1295] 0.1305] 0.1314] 0.1324] 0.1333] 0.1342) 0.1351] 0.1360} 0.1368] 0.1377 
1386] 0.1394] 0.1402] 0.1411] 0.1419] 0.1427| 0.1435] 0.1443] 0.1450] 0.1458] 0.1466] 0.1473 


SEPARATION 


vat a oat od 
Dome COIN 


oooesceocococecsoosose 
eae =e vr 
ou 
oa 
aa 


1826 
1879 Inches 
1928| Peet 
0 1 2 3 4 5 6 7 8 9 10 11 
, 
— |-0.0885]-0.0638)-0.0494/-0.0391|-0.0312|-0.0247|-0.0192|-0.0144|-0.0102/-0.0065|-0.0031 XLq at 
0 _| 0.0028) 0:0055) 0.0079] 0.0102) 0.0124] 0.0144] 0.0164] 0.0182) 0.0199) 0.0216] 0.0232 By 1 
.0247| 0.0261] 0.0275! 0.0289) 0.0302] 0.0314} 0.0326} 0.0338] 0.0349] 0.0360] 0.0371| 0.0381 cy cies 
“0391} 0.0401] 0.0410) 0.0420] 0.0429) 0.0437] 0.0446| 0.0454] 0.0463| 0.0471! 0.0478] 0.0486 — za’=0.08198 login d 
-0494| 0.0501] 0.0508] 0.0515] 0.0522| 0.0529] 0.0535| 0.0542| 0.0548] 0.0555) 0.0561| 0.0567 d=separation, feet: 
'0573] 0.0579] 0.0585| 0.0590) 0.0396] 0.0601] 0.0607] 0.0612) 0.0618] 0.0623] 0.0628} 0.0633 
0638| 0.0643] 0.0648! 0.0652] 0.0657) 0.0662| 0.0666] 0.0671| 0.0675| 0.0680] 0.0684| 0.0689 
0693] 0.0697| 0 0.0705] 0. 0.0713] 0.0717| 0.0721] 0.0725] 0.0729] 0.0733) 0.0737 


SEPARATION 


Inches 


2 3 4 


7 8 9 10 11 


1029) --0 .0737|-0 .0532\-0 .0411/-0.0326 .0160|-0.0120|-0 .0085|—-0 .0054!-0 .0026 xd at 
1048 0.0024! 0.0046! 0.0066! 0.0085 0.0136] 0.0152| 0.0166! 0.0180) 0.0193 
1067 0. 0.0241] 0.0251 0.0282] 0.0291] 0.0300] 0.0309) 0.0318 60 cycles 
1084 0. 0.0350) 0.0357 0.0379} 0.0385) 0.0392} 0.0399| 0.0405 x," 9.06831 logio d * 
1100 0. 0.0429! 0.0435 0.0452| 0.0457] 0.0462) 0.0467| 0.0473 “ Y=separation, feet. 
1116 0. 0.0492) 0.0497 0.0510| 0.0515) 0.0519! 0.0523) 0.0527 i 
1131 0. 0.0544| 0.0548 0.0559] 0.0563] 0.0567| 0.0570| 0.0574 

0. 0. 0.0591 0.0601; 0.0604| 0.0608) 0.0611| 0.0614 


TABLE 9—ZERO-SEQUENCE SHUNT CAPACITIVE REACTANCE FACTOR 
Te! 
Megohms per Conductor per Mile 


SSDoocoooo oS oSC SO SSCS CSS SE SCSCSS SSeS e Coco oe e Se Sseeeooscse 
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a 
Seesseseoooooooeessseoooososooce|scescoosooooesosoosooescocscs 
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nn 
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Conductor FREQUENCY 
Height Above 
Ground 

Feet 25 Cycles 50 Cycles 60 Cycles 
10 0.640 0.320 0.267 
15 0.727 0.363 0.303 
20 0.788 0.394 0.328 
25 0.836 0.418 0.348 
30 0.875 0.437 0.364 
40 0.936 0.468 0.390 
50 0.984 0.492 0.410 
60 1.023 0.511 0.426 
70 1.056 0.528 0.440 
80 1.084 0.542 0.452 
90 1.109 0.555 0.462 
100 1.132 0.566 0.472 

Le’ = Le 2h 


where h=height above ground. 
f=frequency. 
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IV CORONA 


With the increased use of high-voltage transmission lines 
and the probability of going to still higher operating volt- 
ages, the common aspects of corona (radio influence and 
corona loss) have become more important in the design of 
transmission lines, 

In the carly days of high-voltage transmission, corona 
was something which had to be avoided, largely because of 
the energy loss associated with it. In recent years the RI 
(radio influence) aspect of corona has become more im- 
portant. In areas where RI must be considered, this factor 
might establish the limit of acceptable corona performance. 

Under conditions where abnormally high voltages are 
present, corona can affect system behavior. It can reduce 
the overvoltage on long open-circuited lines. It will atten- 
uate lightning voltage surges (see Sec. 29 Chap. 15) and 
switching surges.!7 By increasing the electrostatic cou- 
pling between the shield wire and phase conductors, co- 
rona at times of lightning strokes to towers or shield wires 
reduces the voltage across the supporting string of insu- 
lators and thus, in turn, reduces the probability of flash- 
over and improves system performance. On high-voltage 
lines grounded through a ground-fault neutralizer, the in- 
phase current due to corona loss can prevent extinction of 
the are during a line to ground fault.?8 


6. Factors Affecting Corona 


At a given voltage, corona is determined by conductor 
diameter, line configuration, type of conductor, condition 
of its surface, and weather. Rain is by far the most im- 
portant aspect of weather in increasing corona. Hoarfrost 
and fog have resulted in high values of corona loss on ex- 
perimental test lines. However, it is believed that these 
high losses were caused by sublimation or condensation of 
water vapor, which are conditions not likely to occur on an 
operating line because the conductor temperature would 
normally be above ambient. For this reason, measure- 
ments of loss made under conditions of fog and hoarfrost 
might be unreliable unless the conductors were at operat- 
ing temperatures. Falling snow generally causes only :a 
moderate increase in corona. Also, relative humidity, tem- 
perature, atmospheric pressure, and the earth’s electric 
field can affect corona, but their effect is minor compared 
to that of rain. There are apparently other unknown factors 
found under desert conditions which can increase corona.!° 

The effect of atmospheric pressure and temperature is 
generally considered to modify the critical disruptive volt- 
age of a conductor directly, or as the 24 power of the air 
density factor, 6, which is given by: 


_ 17.96 Zz 
~ 459-4°R &) 
where 


b=barometric pressure in inches of mercury 
°F =temperature in degrees Fahrenheit. 


The temperature to be used in the above equation is gen- 
erally considered to be the conductor temperature. Under 


Chapter 8 
TABLE 10—~STANDARD BAROMETRIC 
PRESSURE AS A FUNCTION OF ALTITUDE 
Altitude, Pressure, Altitude, Pressure, 
feet in. Hg. feet in. Hg. 
—1000 31.02 4 000 25.84 
— 500 30.47 5 000 24.89 
6 000 23.98 
0 29.92 8 000 22.22 
1000 28.86 10 000 20.58 
2000 27 .82 15 000 16.88 
3000 26.81 20 000 13.75 


standard conditions (29.92 in. of Hg. and 77°F) the air 
density factor equals 1.00. The air density factor should 
be considered in the design of transmission lines to be built 
in areas of high altitude or extreme temperatures. Table 
10 gives barometric pressures as a function of altitude. 

Corona in fair weather is negligible or moderate up to 
a voltage near the disruptive voltage for a particular con- 
ductor. Above this voltage corona effects increase very 
rapidly. The calculated disruptive voltage is an indicator 
of corona performance. A high value of critical disruptive 
voltage is not the only criterion of satisfactory corona 
performance. Consideration should also be given to the 
sensitivity of the conductor to foul weather. Corona in- 
creases somewhat more rapidly on smooth conductors than 
it does on stranded conductors. Thus the relative corona 
characteristics of these two types of conductors might 
interchange between fair and foul weather. The equation 
for critical disruptive voltage is: 


E.=go 6% r m loge D/r 
where: 
E,=critical disruptive voltage in kv to neutral 
go= critical gradient in kv per centimeter. (Ref. 10 and 16 use 
go=2i1.1 Kv/cm rms. Recent work indicates value given in 
Sec. 10 is more accurate.) 
r=radius of conductor in centimeters . 
D=the distance in centimeters between conductors, for single- 
phase, or the equivalent phase spacing, for three-phase 
voltages. 
m=surface factor (common values, 0.84 for stranded, 0.92 for 
segmental conductors) 
6=air density factor 


(79a) 


The more closely the surface of a conductor approaches 
a smooth cylinder, the higher the critical disruptive volt- 
age assuming constant diameter. For equal diameters, a 
stranded conductor is usually satisfactory for 80 to 85 per- 
cent of the voltage of a smooth conductor. Any distortion 
of the surface of a conductor such as raised strands, die 
burrs, and scratches will increase corona. Care in handling 
conductors should be exercised, and imperfections in the 
surface should be corrected, if it is desired to obtain the 
best corona performance from a conductor. Die burrs and 
die grease on a new conductor, particularly the segmental 
type, can appreciably increase corona effects when it is 
first placed in service. This condition improves with time, 
taking some six months to become stable. 

Strigel“ concluded that the material from which a con- 
ductor is made has no effect on its corona performance. In 
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Curve 1—1.4 in. HH copper. 5=0.88. Ref. 19. Corona loss test 
made in desert at a location where abnormally high corona loss is 
observed on the Hoover—Los Angeles 287.5-kv line, which is strung 
with this conductor. Measurement made in three-phase test line. 
This particular curve is plotted for 6 =0.88 to show operating con- 
dition in desert. All other curves are for 6=1.00. 

Curve 2—Same as curve 1, except converted to 5=1.00. 

Curve 3—1.4 in. HH copper. Ref. 12. Corona loss test made in 
California. Comparison with curve 2 shows effect of desert condi- 
tions. Measurements made on three-phase test line, 30-foot flat 
spacing, 16-foot sag, 30-foot ground clearance, 700 feet long. 

Curve 4—1.1 in. HH. Ref. 13. Measurements made on three-phase 
test line, 22-foot flat spacing, 16-foot sag, 30-foot clearance to 
ground, 700 feet long. 

Curve 5—1.65 in. smooth. Ref. 12. This conductor had a poor sur- 
face. Measurements made on three-phase test line, 30-foot spac- 
ing, 16-foot sag, 30-foot ground clearance, 700 feet long. 

Curve 6—1.65 in. smooth aluminum. Ref. 27. Reference curve ob- 
tained by converting per-phase measurement to loss on three-phase 
line. Dimensions of line not given. 

Curve 7—1.04 in. smooth cylinder. Ref. 23. In reference this con- 
ductor is referred to as having an infinite number of strands. 
Plotted curve obtained by conversion of per-phase measurements 
to three-phase values, using an estimated value for charging kva, 
to give loss on a line having 45-foot flat configuration. 

Curve 8—1.96 in. smooth aluminum. Ref. 28. Reference curve gives 
three-phase loss, but line dimensions are not given. 

Curve 9—1.57 in. smooth. Ref. 23. This conductor was smooth and 
clean. Reference curve gives per-phase values. Plotted curve is 
for 45-foot flat spacing. 


Fig. 27—Fair-Weather Corona-Loss Curves for Smooth Con- 
ductors; Air Density Factor, 5=1. 


industrial areas, foreign material deposited on the con- 
ductor can, in some cases, seriously reduce the corona per- 
formance. (Reference 28 gives some measurements made 
in an industrial area.) 

Corona is an extremely variable phenomenon. On a con- 
ductor energized at a voltage slightly above its fair weather 
corona-starting voltage, variations up to 10 to 1 in corona 
loss and radio-influence factor have been recorded during 
luir weather. The presence of rain produces corona loss on 
a conductor at voltages as low as 65 percent of the voltage 
wut which the same loss is observed during fair-weather. 
hus it is not practical to design a high-voltage line such 
that, it will never be in corona. This also precludes ex- 
pressing a ratio between fair- and foul-weather corona, 
since the former might be negligibly small. 

If a conductor is de-energized for more than about a day, 
corona is temporarily increased. This effect is moderate 
compared to that of rain. It can be mitigated by re-ener- 


ae a line during fair weather where such a choice is pos- 
sible, 


7. Corona Loss 


: Extensive work by a large number of investigators has 
een done in determining corona loss on conductors oper- 
ated at various voltages. This work has lead to the devel- 


opment of three formulas“!*4!® generally used in this 
country (Reference 18 gives a large number of formulas). 
The Carroll-Rockwell and the Peterson formulas are con- 
sidered the most accurate especially in the important low 
loss region (below 5 kw per three-phase mile). The Peter- 
son formula, when judiciously used, has proved to be a re- 
liable indicator of corona performance (see Sec. 9) for 
transmission voltages in use up to this time. Recent work 
on corona loss has been directed toward the extra-high- 
voltage range and indicates that more recent information 
should be used for these voltages. 

Fair-weather corona-loss measurements made by a num- 
ber of different investigators are shown in Figs. 27, 28, and 
29. All curves are plotted in terms of kilowatts per three- 
phase mile. The data presented in these curves has been 
corrected for air density factor, 5, by multiplying the test 
voltage by 1/6?/*. Some error might have been introduced 
in these curves because in most cases it was necessary to 
convert the original data from per-phase measurements. 
The conversions were made on the basis of voltage gradient 
at the surface of each conductor. The curves should be 
used as an indicator of expected performance during fair 
weather. Fora particular design, reference should be made 
to the original publications, and a conversion made for the 
design under consideration. The relation between fair- 
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and foul-weather corona loss and the variation which can 
be expected during fair weather is shown in Fig. 30 for 
one conductor. 

Corona loss on a satisfactory line is primarily caused by 
rain. This is shown by the fairly high degree of correlation 
between total rainfall and integrated corona loss which has 


been noted.?!641) The corona loss at certain points on a 


transmission line can reach high values during bad storm 
conditions. However, such conditions are not likely to oc- 
cur simultaneously all along a line. Borgquist and Vre- 
them expect only a variation from 1.6 to 16 kw per mile, 
with an average value of 6.5 kw per mile, on their 380-kv 
lines now under construction in Sweden. The measured 
loss on their experimental line varied from 1.6 to 81 kw per 
mile. The calculated fair-weather corona loss common in 
the U.S.A. is generally less than one kw per mile, based on 
calculations using Reference 16. Where radio-influence 
must be considered, the annual corona loss will not be of 
much economic importance?’, and the maximum loss will 
not constitute a serious load. 

Corona loss is characterized on linear coordinates by a 
rather gradual increase in loss with increased voltage up to 
the so-called “knee” and above this voltage, a very rapid 
increase in loss. The knee of the fair-weather loss curve is 
generally near the critical disruptive voltage. A transmis- 
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Curve 1—1.4 in. ACSR. Ref. 12. Conductor was washed with gaso- 
line then soap and water. Test configuration: three-phase line, 
30-foot flat spacing, 16-foot sag, 30-foot ground clearance, 700 feet 
long. 

Curve 2—1.0 in. ACSR. Ref. (1. Conductor weathered by exposure 
to air without continuous energization. Test configuration: three- 
phase line, 20-foot flat spacing, 700 feet long. 

Curve 83—1.125 in. hollow copper. Ref. 14. Washed in same manner 
as for curve Ll. Test configuration: three-phase line, 22-foot flat 
spacing. 

Curve 4—1.49 in. hollow copper. Ref. 14. Washed in same manner 
as for curve 1. Test configuration: three-phase line, 30-foot flat 
spacing, 16-foot sag, 30-foot ground clearance, 700 feet long. 

Curve 5—2.00 in. hollow aluminum. Ref. 14. Washed in same man- 
ner as for curve 1. Test configuration: three-phase line, 30-foot. 
flat spacing, 16-foot sag, 30-foot ground clearance, 700 fect long. 

Curve 6—1.09 in. steel-aluminum. Ref. 22. Reference curve is aver- 
age fair-weather corona loss obtained by converting per-phase 
measurements to three-phase values, for a line 22.9 foot flat spac- 
ing, 32.8 feet high. This conductor used on 220-kv lines in Sweden 
which have above dimensions. 

Curve 7—1.25 in. steel-aluminum. Ref. 22 App. A. Plotted curve 
obtained by estimating average of a number of fair-weather per- 
phase curves given in reference and converting to three-phase loss 
for line having 32-foot flat spacing, 50-foot average height. 

Curve 8—1.04 in. steel-aluminum, 24-strand. Ref. 23. Plotted curve 
obtained by conversion of per-phase measurements to three-phase 
values, using an estimated value for charging kva, to give loss on a 
line having 45-foot flat configuration. 

Curve 9—0.91 in. Hollow Copper. Ref. 11. Conductor washed. 
Test configuration: three-phase line, 20-foot flat spacing, 700 feet 
long. 


Fig. 28—Fair-Weather Corona-Loss Curves for Stranded Con- 
ductors; Air Density Factor, 5=1. 


sion line should be operated at a voltage well below the 
voltage at which the loss begins to increase rapidly under 
fair-weather eonditions. Operation at or above this point 
can result in uneconomical corona loss. A very careful an- 
alysis, weighing the annual energy cost and possibly the 
maximum demand against reduced capitalized line cost, 
must be made if operation at a voltage near or above the 
knee of the fair-weather loss curve is contemplated. 

Corona loss on a conductor is a function of the voltage 
gradient at its surface. Thus the effect of reduced con- 
ductor spacing and lowered height is to increase the corona 
loss as a function of the increased gradient. On transmis- 
sion lines using a flat conductor configuration, the gradient 
at the surface of the middle phase conductor is higher than 
on the outer conductor. This results in corona being more 
prevalent on the middle conductor. 


8. Radio Influence (RI) 


Radio influence is probably the factor limiting the choice 
of a satisfactory conductor for a given voltage. The RI 
performance of transmission lines has not been as thor- 
oughly investigated as corona loss. Recent publications 
(see references) present most of the information available. 
RI plotted against voltage on linear graph paper 
is characterized by a gradual increase in RI up toa vol- 
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Curve 1—4/0.985/15.7* (Smooth) Ref. 25. 6 not given, but assumed 
1.10, which is average value for Germany. Reference curve ob- 
tained by converting single-phase measurements to three-phase 
values on the basis of surface gradient. Dimensions of line used in 
making conversion are not given. 

Curve 2—4/0.827/15.7* (stranded aluminum-stecl). Ref. 25. 6= 
1.092. See discussion of Curve 1. 

Curve 3—3/0.985/11.8* (Smooth). Ref. 26. 6=1.092. Reference 
curve gives single-phase measurements versus line-to-ground volt- 
age, but it is not clear whether actual test voltage or equivalent 
voltage at line height is given. Latter was used in making the con- 
version to three-phase. If this is wrong, curve is approximately 
15 percent low in voltage. Converted to flat configuration of 45 
feet. 

Curve 4—2/1.09/17.7* (Stranded aluminum-stcel). 5= 1.01. Ref. 12, 
App. A. Reference curve gives per-phase measurements versus 
gradient. Converted to three-phase corona loss on line of 42.5-foot 
average height, 39.4-foot flat configuration. 

Curve 5—2/1.25/17.7* (Stranded aluminum-steel) 6 not given, prob- 
ably close to unity. Ref. 12. Reference curve, which gives three- 
phase corona loss, was converted from per-phase measurements. 
Dimensions 42.5 feet average height, 39.4 feet flat configuration. 
This conductor was selected for usc on the Swedish 380-kv system. 
Original author probably selected a worse fair-weather condition 
than the writer did in plotting curve 4, which could account for 
their closeness. 

Curve 6-—2/1.04/23.7* (Stranded aluminum-steel). 5 not given. Ref. 
13. Plotted curve is average of two single-phase fair-weather 
curves, converted to three-phase loss for 45-foot flat configuration. 
See Curve 7. 

Curve 7—2/1.04/15.7* (Stranded aluminum-steel). 5 not given. Ref. 
13. Plotted curve is average of two single-phase fair-weather 
curves, converted to three-phase loss for 45-foot flat configuration. 
Data for curves 6 and 7 were taken at same time in order to show 
effect of sub-conductor separation. 


*Bundle-conductor designation—number of sub-conductors/out- 
side diameter of each sub-conductor in inches/separation between 
adjacent sub-conductors in inches. 


Fig. 29—Fair-Weather Corona-Loss Curves for Two-, Three-, and Four-conductor Bundles; Air Density Factor, 6=1.00. 


tage slightly below the minimum voltage at which meas- 
urable corona loss is detected. Above this voltage, the 
increase in the RI is very rapid. The rate of increase in RI 
is influenced by conductor surface and diameter, being 
higher for smooth conductors and large-diameter con- 
ductors. Above a certain voltage, the magnitude of the 
RI field begins to level off. For practical conductors, the 
leveling off value is much too high to be acceptable, and 
where RI is a factor, lines must be designed to operate be- 
low the voltage at which the rapid increase starts during fair 
weather. Figures 32 and 33 are characteristic RI curves. 
The relation between fair- and foul-weather corona per- 
formance is shown in Fig. 32. 

An evaluation of RI in the design of a high-voltage line 
must consider not only its magnitude, but its effect on the 
Various communication services which require protection. 
Amplitude-modulated broadcasting and power-line carrier 
‘we the most common services encountered but other serv- 
ices such as aviation, marine, ship-to-shore SOS calls, po- 
lice and a number of government services might also have 
to be considered. 

In determining the RI performance of a proposed line, 
the magnitude of the RI factors for the entire frequency 


range of communication services likely to be encountered, 
should be known. An evaluation of these factors in terms 
of their effect on various communication services must take 
into consideration many things. These are available signal 
intensities along the line, satisfactory signal-to-noise ra- 
tios, effect of weather on the RI factors and on the im- 
portance of particular communication services, number 
and type of receivers in vicinity of the line, proximity of 
particular receivers, transfer of RI to lower-voltage cir- 
cuits, the general importance of particular communication 
services, and means for improvement of reception at indi- 
vidual receiver locations.*!. For extra-high-voltage and 
double-circuit high-voltage lines the tolerable limits of RI 
might be higher because the number of receivers affected, 
the coupling to lower voltage circuits, and the coupling to 
receiver antennas is reduced. Also fewer lines are required 
for the same power handling ability, and wider right-of- 
ways are used which tend to reduce the RI problem. 
Although RI increases very rapidly with increased gradi- 
ent at the surface of a conductor, theoretical considerations 
of the radiation characteristics of a transmission line as 
spacing is reduced, indicate that the RI from a transmission 
line will not be seriously affected by reduced spacing.” 
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Fig. 30-—-Corona Loss on 1.09 Inch Stranded Aluminum-Steel 
Conductor under Different Weather Conditions. This con- 
ductor is in use on the Swedish 220-kv system. Note variation 
in fair-weather corona loss and the relation between fair- and 
foul-weather corona loss. Plotted curves obtained by convert- 
ing per-phase measurements to three-phase values for a line 
having 32-foot flat spacing, 50-foot average height. No cor- 
rection made for air density factor. Ref. 22, App. A. 


The conductor configuration, the number of circuits, and 
the presence of ground wires affect the radiation from the 
line with a given RI voltage on the conductors. Very little 
is known about the radiation characteristics of transmis- 
sion lines and caution should be exercised in applying data 
not taken on a line configuration closely approximating the 
design under consideration. 

The RI field from a transmission line varies somewhat 
as the inverse of the radio frequency measured. Thus serv- 
ices in the higher-frequency bands, (television®’, frequency- 
modulated broadcasting, microwave relay, radar, etc.) are 
less apt to be affected. Directional antennas which are 
generally used at these frequencies, on the average, in- 
crease the signal-to-noise ratio. The lower signal strengths, 
and wider band-widths generally found in the high-fre- 
quency bands can alter this picture somewhat. Frequency- 
modulated broadcast is inherently less sensitive to RI 
because of its type of modulation. 
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Standard radio-noise meters**3* can measure the aver- 
age, quasi-peak, and peak values of the RI field. The aver- 
age value is the amplitude of the RI field averaged continu- 
ously over 44 second. For quasi-peak measurements, a cir- 
cuit having a short time constant (0.001-0.01 sec.) for 
charging and a long time constant (0.3 to 0.6 sec.) for dis- 
charging is used, with the result that the meter indication 
is near the peak value of the RI field. Aural tests of radio 
reception indicate that quasi-peak readings interpreted in 
terms of broadcast-station field strengths represent more 
accurately the “nuisance” value of the RI field. The peak 
value is the maximum instantaneous value during a given 
period. The type of measurements made must be known 
before evaluating published RI information or misleading 
conclusions can be drawn. 

The lateral attenuation of RI from a transmission line 
depends on the line dimensions and is independent of volt- 
age. At distances between 40 and 150 feet from the outer 
conductor, the attenuation at 1000 ke varies from 0.1 to 0.3 
db per foot, with the lower values applying generally to 
high-voltage lines. Typical lateral attenuation curves are 
shown in Fig. 34. Lateral attenuation is affected by local 
conditions. Because of the rapid attenuation of RI later- 
ally from a line, a change of a few hundred feet in the loca- 
tion of a right-of-way can materially aid in protecting a 
communication service. 


9. Selection of Conductor 


In the selection of a satisfactory conductor from the 
standpoint of its corona performance for voltages up to 
230 kv, operating experience and current practice are the 
best guide. Experience in this country indicates that the 
corona performance of a transmission line will be satisfac- 
tory when a line is designed so that the fair-weather 
corona loss according to Peterson’s formula,?* is less than 
one kw per three-phase mile. Unsatisfactory corona per- 
formance in areas where RI must be considered has been, 
reported for lines on which the calculated corona loss is in 
excess of this value, or even less in the case of medium high- 
voltage lines. Figure 31 is based on Peterson’s formula and 
indicates satisfactory conductors which can be used on 
high-voltage lines. For medium high-voltage lines (188 kv) 
considerably more margin below the one kw curve is neces- 
sary because of the increased probability of exposure of re- 
ceivers to RI from the line, and a design approaching 0.1 
kw should be used. 


10. Bundle Conductors 


A “bundle conductor” is a conductor made up of two or 
more ‘“‘sub-conductors”’, and is used as one phase conduc- 
tor. Bundle conductors are also called duplex, triplex, etc., 
conductors, referring to the number of sub-conductors and 
are sometimes referred to as grouped or multiple con- 
ductors. Considerable work on bundle conductors has 
been done by the engineers of Siemens-Schuckertwerke?’ 
who concluded that bundle conductors were not economi- 
cal at 220 kv, but for rated voltages of 400 kv or more, are 
the best solution for overhead transmission. Rusck and 
Rathsman* state that the increase in transmitting capac- 
ity justifies economically the use of two-conductor bun- 
dles on 220-kv lines. 
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Fig. 31—Quick-Estimating Corona-Loss Curves. Curves based on Peterson’s formula with a few check points from the 
Carrol and Rockwell paper for comparison. 


The advantages of bundle conductors are higher disrup- 
live voltage with conductors of reasonable dimensions, re- 
duced surge impedance and consequent higher power capa- 
bilities, and less rapid increase of corona loss and RI with 
increased voltage.”2728 These advantages must be weighed 
ugainst increased circuit cost, increased charging kva if it 
cannot be utilized, and such other considerations as the 
large amount of power which would be carried by one cir- 
cuit, It is possible with a two-conductor bundle composed 
of conductors of practical size to obtain electrical charac- 
teristics, excepting corona, equivalent to a single conductor 
up to eight inches in diameter. 

_ Theoretically there is an optimum sub-conductor separa- 
‘ton for bundle conductors that will give minimum crest 
gradient on the surface of a sub-conductor and hence high- 
est disruptive voltage. For a two-conductor bundle, the 
separation is not very critical, and it is advantageous to 
use a larger separation than the optimum which balances 
the reduced corona performance and slightly increased cir- 
Cult cost against the advantage of reduced reactance. 

Assuming isolated conductors which are far apart com- 
pared to their diameter and have a voltage applied be- 
'ween them, the gradient at the surface of one conductor 
's given by: 


é 


~ rlog.D/r (79b) 


g 


where the symbols have the same meaning as used in Eq. 
(79a). This equation is the same as equation (79a), except 
that surface factor, m, and air density factor, 6, have been 
omitted. These factors should be added to Eqs. 80 and 81 
for practical calculations. For a two-conductor bundle, the 
equation for maximum gradient at the surface of a sub- 
conductor* is: 


gore») 


Oilvesa— 80) 


VrS 
where: 
S=separation between sub-conductors in centimeters. 


Because of the effect of the sub-conductors on each 
other, the gradient at the surface of a sub-conductor is not 
uniform. It varies in a cosinusoidal manner from a maxi- 
mum at a point on the outside surface on the line-of-cen- 
ters, toa minimum at the corresponding point on the inside 
surface. This effect modifies the corona performance of a 
bundle conductor such that its corona starting point cor- 
responds to the voltage that would be expected from calcu- 
lations, but the rate of increase of corona with increased 
voltage is less than for a single conductor. This effect can 
be seen by comparing curve 6 of Fig. 28 with curve 2 
of Fig. 29. Cahen and Pelissier®!* concluded that the 
corona performance of a two-conductor bundle is more 
accurately indicated by the mean between the average 
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Fig. 32—Radio influence and corona loss measurements made 
on an experimental test line. Ref, 26. 


and maximum gradient at the surface of a sub-conductor, 
which is given by: 
paoelte/S) 


Diloge 
rs x 
If it is desired to determine the approximate disruptive 


0.301 : 
voltage of a conductor, go=2.a(1+ 7) kv per centi- 
r 


meter rms can be substituted for g and the equations solved 
for é in kv rms. This value neglects air density Factor 
and surface factor, which can be as low as 0.80 (consult 
references 10 and 16 for more accurate calculations). 
380 kv Systems using bundle conductors are being built 
or under consideration in Sweden, France, and Germany. 


(81) 


Curve 1—Average lateral attenuation for a number of transmission 
lines from 138- to 450-kv. OX AQ are plotted values which apply 
to this curve only. Test frequency 1000 kc. Ref. 21. 

Curve 2—Lateral Attenuation from the 220-kv Eguzon-Chaingy line 
in France. Line has equilateral spacing, but dimensions not given. 
Distance measured from middle phase. Test frequency—868 kc. 
Ref. 24. 

Curve 3—Lateral Attenuation from 230-kv Midway-Columbia Line 
of the Bonneville Power Administration. Conductor height 47.5 
feet, test frequency 830 ke. Ref. 42. 
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Fig. 33—Fair-Weather Radio-Influence Field from a Trans- 

mission Line as a Function of Voltage. Measurements made 

opposite mid-span on the 230-kv Covington-Grand Coulee 

Line No. 1 of the Bonneville Power Administration. RI values 

are quasi-peak. 1.108 inch ACSR conductor, 27-foot flat spac- 
ing, 41-foot height, test frequency—800 kc. 
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Fig. 34—Lateral Attenuation of Radio Influence in Vicinity of 
High-Voltage Transmission Lines. 
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ELECTRICAL CHARACTERISTICS OF CABLES 
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paper, varnished-cambric, rubber, or asbestos, each 

of these materials having unique characteristics 
which render it suitable for particular applications. Be- 
cause cables for power transmission and distribution are 
composed of so many different types of insulation, con- 
ductors, and sheathing materials, the discussion here must 
be limited to those cable designs most commonly used. 
Reasonable estimates of electrical characteristics for cables 
not listed can be obtained in most cases by reading from 
the table for a cable having similar physical dimensions. 

Paper can be wound onto a.conductor in successive lay- 
ers to achieve a required dielectric strength, and this is the 
insulation generally used for cables operating at 10000 
volts and higher. Paper insulation is impregnated in dif- 
ferent ways, and accordingly cables so insulated can be 
sub-divided into solid, oil-filled, or gas-filled types. 

Solid paper-insulated cables are built up of layers of 
paper tape wound onto the conductor and impregnated 
with a viscous oil, over which is applied a tight-fitting, 
extruded lead sheath. Multi-conductor solid cables are 
also available, but the material shown here covers only 
single- and three-conductor types. Three-conductor cables 
are of either belted or shielded construction. The belted 
assembly consists of the three separately insulated con- 
ductors cabled together and wrapped with another layer of 
impregnated paper, or belt, before the sheath is applied. In 
the shielded construction each conductor is individually 
insulated and covered with a thin metallic non-magnetic 
shielding tape; the three conductors are then cabled to- 
gether, wrapped with a metallic binder tape, and sheathed 
with lead. he purpose of the metallic shielding tape 
around each insulated conductor is to control the electro- 
static stress, reduce corona formation, and decrease the 
thermal resistance. To minimize circulating current under 
normal operating conditions and thus limit the power loss, 
shielding tape only three mils in thickness is used. Solid 
single-conductor cables are standard for all voltages from 
1 to 69 kv; solid three-conductor cables are standard from 
1 to 46 kv. Sample sections of paper-insulated single-con- 
ductor, three-conductor belted, and three-conductor shielded 
cables are shown in Fig. I(a), (b), and (c) respectively. 

Oil-filled paper-insulated cables are available in single- or 
three-conductor designs. Single-conductor oil-filled cable 
consists of a concentric stranded conductor built around an 
open helical spring core, which serves as a channel for the 
flow of low-viscosity oil. This cable is insulated and 
sheathed in the same manner as solid cables, as a compar- 
ison of Figs. 1(a) and 1(d) indicates. Three-conductor oil- 
filled cables are all of the shielded design, and have three 


Ora are classified according to their insulation as 
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(e) Three-conductor oil-filled, compact-sector conductors. 


Fig. 1—Paper-insulated cables. 
Courtesy of General Cable Corporation 


oil channels composed of helical springs that extend 
through the cable in spaces normally occupied by filler 
material. This construction is shown in Fig. l(e). Oil- 
filled cables are relatively new and their application has 
become widespread in a comparatively short time. The oil 
used is only slightly more viscous than transformer oil, and 
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remains fluid at all operating temperatures. The oil in the 
cable and its connected reservoirs is maintained under 
moderate pressure so that during load cycles oil may flow 
hetween the cable and the reservoirs to prevent the devel- 
opment of voids or excessive pressure in the cable. The 
prevention of void formation in paper insulation permits 
the use of greatly reduced insulation thickness for a given 
operating voltage. Another advantage of oil-filled cables is 
that oil will seep out through any crack or opening which 
develops in the sheath, thereby preventing the entrance of 
water at the defective point. This action prevents the 
oceurrence of a fault caused by moisture in the insulation, 
and since operating records show that this cause accounts 
for a significant percentage of all high-voltage cable faults, 
it is indeed a real advantage. Single-conductor oil-filled 
cables are used for voltages ranging from 69 to 230 kv; the 
usiuu range for three-conductor oil-filled cables is from 23 
to 69 kv. 

Cias-filled cables of the low-pressure type have recently 
become standard up to 46 kv. The single-conductor type 
employs construction generally similar to that of solid 
enbles, except that longitudinal flutes or other channels are 
provided at the inner surface of the sheath to conduct 
nitrogen along the cable. The three-conductor design em- 
ploys channels in the filler spaces among the conductors, 
much like those provided in oil-filled three-conductor 
cables. The gas is normally maintained between 10 and 15 
pounds per square inch gauge pressure, and serves to fill 
all cable voids and exclude moisture at faulty points in the 
sheath or joints. 


* 


ee 


Courtesy of the Okonite-Callender Cable Company 


Fig. 2—High-pressure pipe-type oil-filled cable. 


High-pressure cables, of either the oil- or gas-filled vari- 
ely, are being used widely for the higher range of voltages. 
The physical and electrical characteristics are fairly well 
known, but their specifications are not yet standardized. 
The usual application calls for pressure of about 200 pounds 
per square inch, contained by a steel pipe into which three 
single-conductor cables are pulled. The immediate pres- 
ence of the iron pipe makes difficult the calculations of 
circuit impedance, particularly the zero-sequence quanti- 
ties, Most high-pressure cables are designed so that the 
oil or gas filler comes into direct contact with the conductor 
msulation; in oil-filled pipe-type cables a temporary lead 
sheath can be stripped from the cable as it is pulled into the 
steel pipe; in gas-filled pipe-type cables the lead sheath sur- 
rounding each conductor remains in place, with nitrogen 
introduced both inside and outside the sheath so that no 
differential pressure develops across the sheath. Examples 


of es and gas-filled pipe-type cables are shown in Figs. 2 
and 3. 
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Courtesy of General Cable Corporation 


Fig. 3—Cross-section of high-pressure pipe-type gas-filled 
cable. Oil-filled pipe-type cable may have a similar cross- 
section. 


Compression cable is another high-pressure pipe-type 
cable in which oil or nitrogen gas at high pressure is intro- 
duced within a steel pipe containing lead-sheathed solid- 
type single-conductor cables; no high-pressure oil or gas is 
introduced directly inside the lead sheaths, but voids with- 
in the solid-type insulation are prevented by pressure 
exerted externally on the sheaths. This construction is 
sketched in Fig. 4. 

During recent years there has been a trend toward the 
modification of cable conductors to reduce cost and im- 
prove operating characteristics, particularly in multi-con- 
ductor cables. Referring to Fig. 5, the first departure from 
concentric round conductors was the adoption of sector- 
shaped conductors in three-conductor cables. More re- 
cently a crushed stranding that results in a compacted 
sector has been developed and has found widespread use 
for conductor sizes of 1/0 A.W.G. and larger. Its use in 
smaller conductors is not practical. The principal advan- 
tages of such a conductor are: reduced overall diameter for 
a given copper cross-section; elimination of space between 
the conductor and the insulation, which results in higher 


Fig. 4—Cross-sectional sketch of compression cable, 
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Photographs in this figure furnished by the Okonite-Callender Cable Company 


Fig. 5—Cable conductors. 


(a) Standard concentric stranded. 
(b) Compact round. 

(c) Non-compact sector. 

(d) Compact sector. 

(e) Annular stranded (rope core). 
(f) Segmental. 

(g) Rope stranded. 

(h) Hollow core. 


electrical breakdown; low a-c resistance due to minimizing 
of proximity effect; retention of the close stranding during 
bending; and for solid cables, elimination of many lon- 
gitudinal channels along which impregnating compound can 
migrate. While most single-conductor cables are of the 
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concentric-strand type, they may also be compact-round, 
annular-stranded, segmental, or hollow-core. 


I, ELECTRICAL CHARACTERISTICS 


The electrical characteristics of cables have been dis- 
cussed comprehensively in a series of articles! upon which 
much of the material presented here has been based. This 
chapter is primarily concerned with the determination of 
the electrical constants most commonly needed for power- 
system calculations, particular emphasis being placed on 
quantities necessary for the application of symmetrical 
components.? A general rule is that regardless of the com- 
plexity of mutual inductive relations between component 
parts of individual phases, the method of symmetrical 
components can be applied rigorously whenever there is 
symmetry among phases. All the three-conductor cables 
inherently satisfy this condition by the nature of their con- 
struction; single-conductor cables may or may not, although 
usually the error is small in calculating short-circuit cur- 
rents. Unsymmetrical spacing and change in permeability 
resulting from different phase currents when certain meth- 
ods of eliminating sheath currents are used, may produce 
dissymmetry. 

Those physical characteristics that are of general inter- 
est in electrical application problems have been included 
along with electrical characteristics in the tables of this 
section. 

All linear dimensions of radius, diameter, separation, or 
distance to equivalent earth return are expressed in inches 
in the equations in this chapter. This is unlike overhead 
transmission line theory where dimensions are in feet; the 
use of inches when dealing with cable construction seems 
appropriate. Many equations contain a factor for fre- 
quency, f, which is the circuit operating frequency in cycles 
per second. 


1. Geometry of Cables 


The space relationship among sheaths and conductors in 
a cable circuit is a major factor in determining reactance, 
capacitance, charging current, insulation resistance, dielec- 
tric loss, and thermal resistance. The symbols used in this 
chapter for various cable dimensions, both for single-con- 
ductor and three-conductor types, are given in Figs. 6 and 
7. Several factors have come into universal use for defining 
the cross-section geometry of a cable circuit, and some of 
these are covered in the following paragraphs.! 

Geometric Mean Radius (GMR)—This factor is a 
property usually applied to the conductor alone, and de- 
pends on the material and stranding used in its construc- 
tion. One component of conductor reactance’ is normally 
calculated by evaluating the integrated flux-linkages both 
inside and outside the conductor within an overall twelve- 
inch radius. Considering a solid conductor, some of the flux 
lines lie within the conductor and contribute to total flux- 
linkages even though they link only a portion of the total 
conductor current; if a tubular conductor having an infi- 
nitely thin wall were substituted for the solid conductor, its 
flux would necessarily all be external to the tube. A theo- 
retical tubular conductor, in order to be inductively equiv- 
alent to a solid conductor, must have a smaller radius so 
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Fig. 6—Geometry of cables. 


that the flux-linkages present inside the solid conductor but 
absent within the tube will be replaced by additional link- 
ages between the tube surface and the limiting cylinder of 
twelve-inch radius. A solid copper conductor of radius d/2 
can be replaced by a theoretical tubular conductor whose 
radius is 0.779 d/2. This equivalent radius is called the geo- 
metric mean radius of the actual conductor, denoted herein 
by GMR,. where the subscript denotes reference to only a 
single actual conductor. This quantity can be used in re- 
actance calculations without further reference to the shape 
or make-up of the conductor. The factor by which actual 
radius must be multiplied to obtain GMR,, varies with 


0 SECTOR 
DEPTH 


So 


Fig. 7—Typical sector shape of conductor used in three-con- 
ductor cables. 


stranding or hollow-core construction as shown in Chap. 3, © 


Fig. 11. Sometimes in calculations involving zero-se- 
quence reactances, simplification may result if the three 
conductors comprising a three-phase circuit are considered 
“8 4 group and converted to a single equivalent conductor. 

his requires the use of a new GMR, denoted here as 
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GMR;, which applies to the group as though it were one 
complex conductor. This procedure is illustrated later in 
Eq. (18). 

Geometric Mean Distance (GMD)—Spacings among 
conductors, or between conductors and sheaths, are impor- 
tant in determining total circuit reactance. The total flux- 
linkages surrounding a conductor can be divided into two 
components, one extending inward from a cylinder of 12- 
inch radiusas discussed in the preceding paragraph, and the 
other extending outward from this cylinder to the current 
return path beyond which there are no net flux-linkages.* 
The flux-linkages per unit conductor current between the 
12-inch cylinder and the return path are a function of the 
separation between the conductor and its return. The re- 
turn path can in many cases be a parallel group of wires, so 
that a geometric mean of all the separations between the 
conductor and each of its returns must be used in calcula- 
tions. Geometric mean distance, therefore, is a term that 
can be used in the expression for external flux-linkages, not 
only in the simple case of two adjacent conductors where it 
is equal to the distance between conductor centers, but also 
in the more complex case where two circuits each composed 
of several conductors are separated by an equivalent GMID. 

The positive- or negative-sequence reactance of a three- 
phase circuit depends on separation among phase conduc- 
tors. If the conductors are equilaterally spaced the distance 
from one conductor center to another is equal to the GMD 
among conductors for that circuit. Using the terminology 
in Fig. 6, 

GMD;,=S for an equilateral circuit. 


The subscript here denotes that this GMD applies to sepa- 
rations among three conductors. If the conductors are 
arranged other than equilaterally, but transposed along 
their length to produce a balanced circuit, the equivalent 
separation may be calculated by deriving a geometric mean 
distance from the cube root of three distance products? (see 
Chap. 3): 

GMDs.=~YSu Sw Su (1) 


The component of circuit reactance caused by flux outside 
a twelve inch radius is widely identified as ‘‘reactance 
spacing factor” (za) and can be calculated directly from 


the GMD: 


GMD; 
12 


%q= 0.2794 Fog ohms per phase per mile. (2) 
When the equivalent separation is less than twelve inches, 
as can occur in cable circuits, the reactance spacing factor 
is negative so as to subtract from the component of con- 
ductor reactance due to flux out to a twelve-inch radius. 
The zero-sequence reactance of a three-phase circuit may 
depend on spacing among conductors and sheath as well as 
among conductors. A distance that represents the equiv- 
alent spacing between a conductor or a group of conductors 
and the enclosing sheath can be expressed asa GMD. Also, 
the equivalent separation between cable conductors and 
the sheath of a nearby cable, or the equivalent separation 
between two nearby sheaths, can be expressed as a GMD. 
Because these and other versions? of geometric mean dis- 
tance may be used successively in a single problem, care 
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must be taken to identify and distinguish among them dur- 
ing calculations. 

Geometric Factor—tThe relation in space between the 
cylinders formed by sheath internal surface and conductor 
external surface in a single-conductor lead-sheathed cable 
can be expressed as a “geometric factor.” This factor is 
applicable to the calculation of such cable characteristics 
as capacitance, charging current, dielectric loss, leakage 
current, and heat transfor, because these characteristics 
depend on a field or flow pattern between conductor and 
sheath. The mathematical expression for geometric factor 
G in a single conductor cable is 


G= 2,303 logio a (3) 


where: 


r;=inside radius of sheath. 
d=outside diameter of conductor. 


Geometric factors for single-conductor cables can be read 
from Fig. 8. Geometric factors for three-phase shielded 
cables having round conductors are identical, except for 
heat flow calculations, to those for single-conductor cables. 
The shielding layer establishes an equipotential surface 
surrounding each conductor just as a lead sheath does for 
single-conductor cables. The heat conductivity of the 
three-mil shielding tape is not high enough to prevent a 
temperature differential from developing around the shield 
circumference during operation: this poses a more complex 
problem than can be solved by the simple geometric factors 
given here. 


GEOMETRIC FACTOR,G 
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Fig. 8—Geometric factor for single-conductor cables, or 
three-conductor shielded cables having round conductors. 


NOTE: This is approximately correct for shielded sector-conductor 
cables if curve is entered with the dimensions of a round-conductor 
cable having identical conductor area and insulation thickness. 
This geomctric factor is not applicable for heat-flow calculations in 
shielded cables. See Secs. 5 and 6. 
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Because of the various possible combinations of con- 
ductors and sheaths that can be taken ina three-conductor 
belted cable, several geometric factors are required for com- 
plete definition. Two of these factors, the ones applicable 
to positive- and to zero-sequence electrical calculations, are 
shown in Fig. 9. 


2. Positive- and Negative-Sequence Resistance 


Skin Effect—lIt is well known that the resistance of a 
conductor to alternating current is larger than its resistance 
to direct current. The direct-current resistance in cables 
can be taken as the resistance of solid rod of the same 
length and cross-section, but increased two percent to take 
into account the effect of spiraling of the strands that com- 
pose the conductor. When alternating current flows in the 
conductor there is an unequal distribution of current, with 
the outer filaments of the conductor carrying more current 
than the filaments closer to the center. This results in a 
higher resistance to alternating current than to direct cur- 
rent, and is commonly called skin effect. The ratio of the 
two resistances is known as the skin-effect ratio. In small 
conductors this ratio is entirely negligible, but for larger 
conductors it becomes quite appreciable, and must be con- 
sidered when figuring the 60-cycle resistances of large con- 


TABLE 1— DIMENSIONS AND 60-CYCLE SKIN-EFFECT RATIO OF 
STRANDED COPPER CONDUCTORS AT 65°C. 


Inner Diameter of Annular 
epadncior Round Stranded Conductor, inches 
Size Concentric-Stranded 
0.50 0.75 
(Circular 
Mille) oe Ratio cae Ratio nis Ratio 
211 600 0.528 £2000 Ieee |b maoeele cand sleeker 
250 000 0.575 P5005), |ecites cd eee |ovecces et ahs 
300 000 0.630 41006) fescue ceceteined | Raed aise Jane 
400 000 0.728 VOU DF Ware teen. isl eta cd ae ee el tS cea, ore 
500 000 0.814 1.018 0.97 | 1.0L ]......J...... 
600 000 0.893 1,026 1.04 | 1.01 |......)....-. 
800 000 1.031 1.046 1.16 | 1.02 | 1.28 | 1.01 
1 000 000 1.152 1.068 1.25 | 1.03 | 1.39 | 1.02 
1 500 000 1.412 1.145 1.52 | 1.09 | 1.63 | 1.06 
2 000 000 1.631 1.239 1.72 | 1.17 | 1.80 | 1.12 
2 500 000 1.825 1.336 1.91 | 1.24 | 2.00 | 1.20 
3 000 000 1.998 1.439 2.08 | 1.36 | 2.15 | 1.29 


ductors. Some skin-effect ratios are tabulated in Table 1 
for stranded and representative hollow conductors.! 
Proximity Effect—The alternating magnetic flux in a 
conductor caused by the current flowing in a neighboring 
conductor gives rise to circulating currents, which cause an 
apparent increase in the resistance of a conductor. This 
phenomenon is called proximity effect. The increase in 
resistance is negligible except in very large conductors. 
Proximity effect can, however, become important under 
certain conditions of cable installation. When cables are 
laid parallel to metal beams, walls, etc., as is frequently the 
case in buildings or ships, proximity effect increases the 
apparent impedance of these cables appreciably. Booth, 
Hutchings and Whitehead‘ have made extensive tests on 
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Fig. 9—Geometric factor for three-conductor belted cables having round or sector conductors. 
NOTE: For cables having sector conductors, enter the curve with the dimensions of a round-conductor cable having identical conductor 
area and insulation thicknesses. Multiply the resultant geometric factor by the sector correction factor given above. 


(G, is calculated for three-phase operation; Go is calculated for single-phase operation, with three conductors paralleled and re- 
turn in sheath. See Secs. 5 and 6.) 
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the impedance and current-carrying capacity of cables, as 
they are affected by proximity to flat plates of conducting 
and magnetic material. Figures 11 and 12, taken from this 
work, illustrate forcefully that proximity effect can be 
significantly large. Although these tests were performed 
at 50 cycles it is believed that the results serve to indicate 
effects that would be experienced at 60 cycles. The results 
in an actual installation of cables close to metal surfaces are 
influenced so greatly by the material involved, and by the 
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Fig. 10—Geometric factor for three-conductor shielded cables 
having sector conductors, in terms of insulation thickness T 
and mean periphery P. 


structural shape of the surface, that calculation and pre- 
diction is difficult. 

The additional losses caused by placing a metal plate or 
other structural shape close to a cable circuit arise from 
both hysteresis and eddy-current effects within the plate. 
Hysteresis losses are large if the flux density within the plate 
is high throughout a large proportion of the plate volume. 
A material having high permeability and very high re- 
sistivity would promote hysteresis loss, because flux devel- 
oped by cable currents could concentrate within the low- 
reluctance plate, and because the action of eddy-currents 
to counteract the incident flux would be comparatively 
small in a high-resistance material. Eddy-current losses 
depend on the magnetic field strength at the plate, and 
also upon the resistance of the paths available for flow 
within the plate. 

Because the factors that affect hysteresis loss and those 
that affect eddy-current loss are interdependent, it isseldom 
easy to theorize on which material or combination of ma- 
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Fig. 11—Increase in cable resistance and reactance caused 
by proximity to steel plate for single phase systems (cable 
sheaths are insulated). 


terials will contribute lowest losses. Some practical pos- 
sibilities, drawn from experience in the design of switch- 
gear, transformers, and generators, are listed here: 


a. The magnetic plate can be shielded by an assembly of 
laminated punchings, placed between the cables and 
the plate, so that flux is diverted from the plate and 
into the laminations. The laminations normally have 
low eddy-current losses and they must be designed so 
that flux density is not excessive. 

b. The magnetic plate can be shielded with a sheet of 
conducting material, such as copper or aluminum, 
placed so that the magnetic field acts to build up 
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Fig. 12—Increase in cable resistance and reactance caused 
by proximity to steel plate for three-phase systems (cable 
sheaths are insulated). 


Chapter 4 


counteracting circulating currents within the con- 

ducting sheet: these currents considerably reduce the 

magnetic field strength at the plate. The conducting 
sheet must have sufficient cross-sectional area to ac- 
commodate the currents developed. 

c. The magnetic material can be interleaved with con- 
ducting bars that are bonded at the ends so that cir- 
culating currents develop to counteract the incident 
magnetic field as in (b). 

_ The magnetic plate can be replaced, either entirely or 
partially, by a non-magnetic steel. Non-magnetic 
steel has low permeability and high resistivity when 
compared with conventional steel plate: these char- 
acteristics do not act in all respects to reduce losses, 
but the net effect is often a loss reduction. Non-mag- 
netic steel is of particular benefit when the structure 
near the cable circuit partially or entirely surrounds 
individual phase conductors. 

The effect of parallel metal on reactance is much larger 
than on resistance as Figs. 11 and 12 indicate. These 
figures also show that the magnitude of the increase in im- 
pedance is independent of conductor size. Actually, when 
large cables approach very close to steel, the resistance in- 
crements hecome higher and the reactance increments be- 
come somewhat lower. The curves of Figs. 11 and 12 are 
based on tests performed at approximately two-thirds of 
maximum current density for each cable used. The incre- 
ments in resistance and reactance do not, however, change 
greatly with current density; the variation is only about 
| percent per 100 amperes. In three-phase systems the 
middle cable of the three is influenced less than the outer 
ones by the presence of the parallel steel. This variation 
ain is less than variations in materials and has not been 
accounted for in Figs. 11 and 12. These curves cover only a 
few specific cases, and give merely an indication of the im- 
portance and magnitude of proximity effect. More detailed 
information can be found in the reference listed.4 

Proximity effect also has an important bearing on the 
current-carrying capacity of cables when installed near 
stecl plates or structures. This subject is discussed in the 
section on current-carrying capacity. 

Sheath Currents in Cables—Alternating current in 
the conductors of single-conductor cables induces alternat- 
Ing voltages in the sheaths. When the sheaths are contin- 
ous and bonded together at their ends so that sheath cur- 
rents may flow longitudinally, additional 7? losses develop 
in the sheath. The common way to represent these losses is 
hy increasing the resistance of the conductor involved. For 
single-conductor cables operating in three-phase systems, 
this increment in resistance can be calculated by the fol- 


lowing equation, the derivation of which is given in refer- 
ences 3}? 
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Lm 
r=———_ohm r h . ‘ 

Im? tre 8 per phase per mile (4) 
1 tre x, is the mutual reactance between conductors and 
“eath in ohms per phase per mile, and r, is the resistance 
: the sheath in ohms per phase per mile. These two quan- 
‘hes can be determined from the following equations: 

28 


%m = 0.2794 I ] —— s i 
(94 65 logs ie ohms per phase per mile. (5) 
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and 
0.200 
?s = -———————— oh ms per phase per mile, for lead sheath. 
(To+Ti) (ToT) EAP P (6) 
in which 


S=spacing between conductor centers in inches. 
To = outer radius of lead sheath in inches. 
7,=inner radius of lead sheath in inches. 


Thus the total resistance (r,) to positive- or negative- 
sequence current flow in single-conductor cables, including 
the effect of sheath currents, is 


XLm?"s 
tm +r? 


where r, is the alternating-current resistance of the con- 
ductor alone including skin effect at the operating fre- 
quency. Eq. (7) applies rigorously only when the cables are 
in an equilateral triangular configuration. For other ar- 
rangements the geometric mean distance among three 
conductors, GMD;,, can be used instead of S with results 
sufficiently accurate for most practical purposes. 

The sheath loss in a three-conductor cable is usually 
negligible except for very large cables and then it is im- 
portant only when making quite accurate calculations. In 
these largest cables the sheath losses are about 3 to 5 per- 
cent of the conductor loss, and are of relatively little 
importance in most practical calculations. When desired 
the sheath loss in three-conductor cables can be calculated 
from the equivalent resistance, 


a £4160(S1)" 
- Ts (rotri)? 


where 


Ta=Tot ohms per phase per mile. (7) 


<10-§ ohms per phase per mile. (8) 


rs is sheath resistance from Eq. (6). 
ro and r; are sheath radii defined for Eq. (5). 


S=e(d+27), and is the distance between 


v3 conductor center and sheath (9) 
center for  three-conductor 
cables made up of round con- 
ductors. 

d=conductor diameter. 
T =conductor insulation thickness. 


For sector-shaped conductors an approximate figure can 
be had by using Eq. (8), except that d should be 82 to 86 
percent of the diameter of a round conductor having the 
same cross-sectional area. 

Example 1—Find the resistance at 60 cycles of 2750 000 
circular-mil, three-conductor belted cable having 156 mil 
conductor insulation and 133 mil lead sheath. The overall 
diameter of the cable is 2.833 inches and the conductors are 
sector shaped. 

From conductor tables (see Table 10) the diameter of an 
equivalent round conductor is 0.998 inches. From Eq. (9), 


1 : 
S\= =a tO P98K0.84) +2(0.156)] 


= 0.664 inches. 
Since the overall diameter is 2.833 inches, 
To= 1.417 inches 
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and 
7; = 1.284 inches. 
From Eq. (6), 
0.200 
(2.701) (0.133) 
=0.557 ohms per phase per mile. 
Substituting in Iq. (8), 
: _ $4160(0.664)° 
0.557(2.701)" 
=0.00479 ohms per phase per mile. 


3 


—6 


From Table 6 it is found that 7,, the conductor resistance, 
including skin effect is 0.091 ohms per phase per mile. The 
total positive- and negative-sequence resistance is then, 

7, =0.091+.005 =0.096 ohms per phase per mile. 
Sheath currents obviously have little effect on the total 
alternating-current resistance of this cable. 

Theoretically some allowance should be made for the 
losses that occur in the metallic tape on the individual con- 
ductors of shielded cable, but actual measurements indicate 
that for all practical purposes these losses are negligible 
with present designs and can be ignored in most cases. The 
resistance to positive- and negative-sequence in shielded 
cable can be calculated as though the shields were not 
present. 

Three Conductors in Steel Pipe—Typical values for 
positive- and negative-sequence resistance of large pipe- 
type cables have been established by test®, and an empir- 
ical calculating method has been proposed by Wiseman® 
that checks the tests quite closely. Because the calcula- 
tions are complex, only an estimating curve is presented 
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Fig. 13—Positive-sequence resistance of high-voltage cables 
in steel pipe (estimating curve). 
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here. The ratio of actual resistance as installed to the d-c 
resistance of the conductor itself based on data obtained in 
laboratory tests is shown in Fig. 13. The increased resist- 
ance is due to conductor skin effect, conductor proximity 
effect in the presence of steel pipe, and to /*R loss in the 
pipe itself. In preparing Fig. 13, the pipe size assumed for 
each cable size was such that 60 percent of the internal pipe 
cross-sectional area would have been unoccupied by cable 
material: choosing a nearest standard pipe size as a prac- 
tical expedient does not affect the result appreciably. The 
conductor configuration for these tests was a triangular 
grouping, with the group lying at the bottom of the pipe. 
If, instead, the conductors were to be laid in an approx- 
imately flat cradled arrangement, some change in resist- 
ance would be expected. Actual tests on the flat arrange- 
ment produced variable results as conductor size was 
changed, some tests giving higher losses and some lower 
than the triangular. If a maximum value is desired, an 
estimated increase of 15 percent above the resistance for 
triangular configuration can be used. Field tests have been 
made on low-voltage circuits by Brieger', and these results 
are shown in Table 2. 


3. Positive- and Negative-Sequence Reactances 


Single-Conductor Cables—The reactance of single- 
conductor lead-sheathed cables to positive- and negative- 
sequence currents can be calculated from the following 
equation, which takes into account the effect of sheath 
currents. 

11 = Lo = 0.2794 a logio 


Lm? 


GMD. _ 
bed +r, 


GMRi. 


ohms per phase per mile. 
or 


(10) 


3 
Uy =X =Lat+Xa— = "2 ohms per phase per mile. (11) 


Dm 
The conductor component of reactance is 


24 = 0.2794 a logio (12) 


12 
GMR,. 
where 
GMR,, = geometric mean radius of one conductor. 


The separation component of reactance is 


> J. GMD; 
%q4= 0.2794 60 logio 12 


(13) 


where 
GMD;,= geometric mean distance among 
three conductors (see Eq. 1). 
The component to be subtracted! because of the effect of 
sheath currents is composed of terms defined by Eqs. 
(5) and (6). 

Three-Conductor Cables—Because negligible sheath 
current effects are present in three-conductor non-shielded 
cables, the reactance to positive- and negative-sequence 
currents can be calculated quite simply as: 


=: ~ a GMD; 
U1 =X. =0.2794 60 logio GMR. 


ohms per phase per mile 


(14) 
or 


2,=2,=2,+24 ohms per phase per mile (15) 
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TABLE 2—IMPEDANCE OF THREE-PHASE 120/208 VoLT CABLE CIRCUITS IN FIBRE AND IN IRON CONDUITS.! 
Positive- and Negative-Sequence Impedance, Ohms per Phase per Mile at 60 Cycles. 


Phase Conductor Cofdietor Aaanbly Duct Material Cable Sheath Resistance Reactance 
Size (4 inch) (Phase Conductors) (Ohms at 25°C.) (Ohms) 
500 MCM Uncabled? Fibre Non-leaded 0.120 0.189 
(1 per phase) Lead 0.127 0.188 
Iron Non-leaded 0.135 0,229 
Lead 0.156 0.236 
Cabled? Fibre Non-leaded 0.125 0.169 
Tron Non-leaded 0.135 0.187 
Cabled Fibre Non-leaded 0.136 0.144 
Tron Non-leaded 0.144 0.159 
9000 AWG Uncabled’ Fibre Non-leaded 0.135 0.101 
(2 per phase) Tron Non-leaded 0.144 0.152 
Lead 0.1438 0.113 
Cabled® Fibre Non-leaded 0.137 0.079 
Iron Non-leaded 0.137 0.085 
Zero-Sequence Impedance, Ohms Per Phase Per Mile at 60 Cycles. 
Phase Conductor | Neutral Conductor Conductor Duct Material ere Resistance Reactance 
Size Size Assembly (4 inch) Ciuduetows) (Ohms at 25°C.) (Ohms) 
500 MCM 0000 AWG Uncabled? Fibre Non-leaded 0.972 0.814 
(1 per phase) (1 conductor, bare) Lead 0.777 0.380 
Tron Lead 0.729 0.349 
500 MCM Uncabled? Iron Non-leaded 0.539 0.772 
(1 conductor, bare) Cabled? Fibre Non-leaded 0.539 0.566 
Tron Non-leaded 0.534 0.603 
000 AWG Cabled* Fibre Non-leaded 0.471 0.211 
(3 conductors, bare) os Iron Non-leaded 0.433 0.264 
0000 AWG 0000 AWG Uncabledé Fibre Non-leaded 1.015 0.793 
(2 per phase) (1 conductor, bare) Iron Non-leaded 0.707 0.676 
Lead 0.693 0.328 
0000 AWG Uncabled’ Fibre Non-leaded 0.583 0.475 
(2 conductors, bare) Tron Non-leaded 0.629 0.538 
500 MCM Cabled*® Tron Non-leaded 0.497 0.359 
(1 conductor, bare) 


yh re SS SSS ssp ree 
‘ Material taken from “Impedance of Three-Phase Secondary Mains in Non-Metallic and Iron Conduits,” by L. Brieger, EEI Bulletin, Vol. 6, No. 2, pg. 61, Feb- 


fhary 1938, 


3 Assembly of four conductors arran 
dom configuration after entering the duct. 


3 Assembly as in note 2, except that conductors are cabled in position. 
‘ Assembly of three phase conductors arranged triangularly with three neutral conductors interposed in the spaces between phase conductors. All conductors are 


cabled in position, 


3 


This ari 


* Assembly as in note 5, except that conductors are cabled in position. 


where: 


Ked rectangularly, in the sequence (clockwise) A-B-C-neutral. while being pulled into the duct; conductors may assume a ran- 


Assembly of six phase conductors arranged hexagonally, in the sequence A-B-C-A-B-C, with either one or two neutral conductors inside the phase conductor group. 
rangement is maintained only at the duct entrance; a random configuration may develop within the duct. 


For shielded three-conductor cables the reactance to 


GMD,,.=S=geometric mean distance among 
three conductors, and the remaining values are as 
defined in Eqs. (12) and (13). 


— Vor sector-shaped conductors no accurate data on change 
in reactance because of conductor shape is available, but 

". Simmons can be quoted as authority for the statement 
that the reactance is from five to ten percent less than for 


ioe conductors of the same area and insulation thick- 
ess, 


positive- and negative-sequence currents can be calculated 
as though the shields were not present, making it similar to 
belted three-conductor cable. This is true because the 
effect on reactance of the circulating currents in the 
shielding tapes has been calculated by the method used for 
determining sheath effects in single-conductor cables and 
proves to be negligible. 

Three Conductors in Steel Pipe—Conductor skin 
effect and proximity effects influence the apparent reactance 
of high-voltage cables in steel pipe. Because the detailed 
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calculation of these factors is complex, a curve is supplied 
in Fig. 14 that serves for estimating reactance within about 
five percent accuracy. The curve is drawn for triangular 
conductor grouping, with the group lying at the bottom of 
the pipe. If the grouping is instead a flat cradled arrange- 
ment, with the conductors lying side by-side at the bottom 
of the pipe, the curve results should be increased by 15 
percent. A calculating method that accounts in detail for 
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Fig. 14—Positive-sequence reactance of high-voltage cables 
in steel pipe (estimating curve). 


the variable factors in this problem has been presented by 
Del Mar’. Table 2 contains information useful in esti- 
mating the impedance of low-voltage (120/208 volt) cables 
in iron conduit. 


4. Zero-Sequence Resistance and Reactance 


When zero-sequence current flows along the phase con- 
ductors of a three-phase cable circuit, it must return in 
either the ground, or the sheaths, or in the parallel combi- 
nation of both ground and sheaths.? As zero-sequence cur- 
rent flows through each conductor it encounters the a-c 
resistance of that conductor, and as it returns in the ground 
or sheaths it encounters the resistance of those paths. The 
zero-sequence current flowing in any one phase encounters 
also the reactance arising from conductor self-inductance, 
from mutual inductance to the other two phase conductors, 
from mutual inductance to the ground and sheath return 
paths, and from self-inductance of the return paths. Each 
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of these inductive effects cannot always be identified in- 
dividually from the equations to be used for reactance cal- 
culations because the theory of earth return circuits’, and 
the use of one GMR to represent a paralleled conductor 
group, present in combined form some of the fundamental 
effects contributing to total zero-sequence reactance. The 
resistance and reactance effects are interrelated so closely 
that they are best dealt with simultaneously. 

Cable sheaths are frequently bonded and grounded at 
several points, which allows much of the zero-sequence 
return current to flow in the sheath. On the other hand, 
when any of the various devices used to limit sheath current 
are employed, much or all of the return current flows in the 
earth. The method of bonding and grounding, therefore, 
has an effect upon the zero-sequence impedance of cables. 
An actual cable installation should approach onc of these 
three theoretical conditions: 


1 Return current in sheath and ground in parallel. 
2 All return current in sheath, none in ground. 
3 All return current in ground, none in sheath. 


Three-Conductor Cables—Actual and equivalent cir- 
cuits for a single-circuit three-conductor cable having a 
solidly bonded and grounded sheath are shown in Fig. 15 
(a) and (c). The impedance of the group of three paralleled 
conductors, considering the presence of the earth return 
but ignoring for the moment the presence of the sheath, is 
given in Eqs. (16) or (17) in terms of impedance to zero- 
sequence currents. 


Zo =o tre+j0.8382 logio Gin. 
ohms per phase per mile (16) 
or 
Zo=Tebre tj (LatLo— 244) 
ohms per phase per mile. (17) 


TABLE 3—EQUIVALENT DEPTH OF EARTH RETURN (D.), AND EARTH 


IMPEDANCE (re AND Xe), AT 60 CYCLES 
Equivalent Equivalent Equivalent 
Earth Depth of Earth Earth 
Resistivity Earth Return, D. Resistance Reactance 
(meter-ohm)|————_-_, —_ Te Le 
inches feet |{ohmsper mile)|(ohms per mile) 
1 3.36x 103 280 0.286 2.05 
5 7.44x103 620 0.286 2.34 
10 1.06x10! 880 0.286 2.47 
50 2.40x104 2 000 0.286 2.76 
100 3.36x104 2 800 0.286 2.89 
500 7.44x10¢ 6 200 0.286 3.18 
1 000 1.06x108 8 800 0.286 3.31 
5 000 2.40x 108 20 000 0.286 3.60 
10 000 3.36x 105 28 000 0.286 3.73 
where: 


Te=a-c resistance of one conductor, ohms per 
mile. 
Te =a-c resistance of earth return (See Table 3), 
ohms per mile. 
D.=distance to equivalent earth return path, 
(See Table 3), inches. 
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fos SHEATH GMR;.= geometric mean radius of the conducting 
path made up of the three actual conductors 
taken as a group, inches. 

= ¥/(GMR,.) (8)? for round conductors. (18) 


GMR,.= geometric mean radius of an individual 
conductor, inches. 
2,=reactance of an individual phase conductor 
at twelve inch spacing, ohms per mile. 
Ze= reactance of earth return. 


casi 1 EARTH P p, 
ACTUAL CIRCUIT = 0.8382 60 logio 12 ohms per mile. (Refer to 
(ONE THBEE CONDUCTOR CABLE) Table 3). (19) 
La = 0.2794 f logio (A=), ohms per mile. 


GMD:;,.= geometric mean distance among conductor 
centers, inches. 
=S=(d+2T) for round conductors in three 
conductor cables. 


The impedance of the sheath, considering the presence of 
the earth return path but ignoring for the moment the 
presence of the conductor group, is given in terms of im- 
pedance to zero-sequence currents: 


(Ta, *Tbg* Teg) + (31s +1 g)= 0 


oe EARTH ; 2D. 
‘g 2,= 387, +re+]j0.8382 i logo ca ohms per 
ACTUAL CIRCUIT : ; jaae 
(THREE SINGLE-CONDUCTOR CABLES) phase per mile. (20) 
(b) or 
2_ = 3ryt+retj(3rt—+2-) ohms per phase per 
mile. (21) 
where: 
r,=sheath resistance, ohms per mile. 
0.200 
= ——_—_~._——~ for lead sheaths. 
(ro+Ti) (Toi) 
r;=inside radius of sheath, inches. 
7. = outside radius of sheath, inches. 
2x, =reactance of sheath, ohms per mile. 
—I EARTH 24 : 
= 0.2794 S logio rrr ohms per mile. (22) 
EQUIVALENT CIRCUIT The mutual impedance between conductors and sheath, 


(IMPEDANCES EXPRESSED IN ZERO SEQUENGE TERMS) 


te considering the presence of the earth return path which is 


common to both sheath and conductors, in zero-sequence 


terms is 
—alo (Ze-Zm) = ‘ tf 2D. 
es ag 2m =Te+J0.8382 60 logio Tce 
ohms per phase per mile. (23) 


| 
i 
(Z5Zm) | or 


Zm=Tet+j(3%+2%-) ohms per phase per mile. (24) 


The equivalent circuit in Fig. 15(d) is a conversion from 
the one just above it, and combines the mutual impedance 
into a common series element. From this circuit, when 
both ground and sheath return paths exist, total zero- 


sequence impedance Is: 
MODIFIED EQUIVALENT CIRCUIT Aen ) 
(IMPEDANCES EXPRESSED IN ZERO- SEQUENCE TERMS) eos ej 
(d) 2s 


2 
Actual and equivalent zero-sequence circuits for = 


z 
2 =Z,—— ohms per pha ile. 
conductor and single-conductor lead-sheathed cables. ss) Zs Deb Dine Per ane 2) 


— wg, EARTH 


Fig. 15— 
three 
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If current returns in the sheath only, with none in the 
ground: 


Zo = (Ze cal (Zs Zm) 


=e +2, me 22 (26) 
_ . f i‘ Totti 
= 7, +3re+j0.8382 60 logio 5(GMR,.) ohms per 

phase per mile. (27) 
=Pet3rstj(f,—2%1—32s3) ohms per phase per 

mile. (28) 


If current returns in ground only with none in the sheath, 
as would be the case with non-sheathed cables or with 
insulating sleeves at closely spaced intervals, the zero- 
sequence impedance becomes: 
Zo= (Ze—2m) +2m 
=z, ohms per phase per mile. (29) 

The zero-sequence impedance of shielded cables can be 
calculated as though the shielding tapes were not present 
because the impedance is affected only slightly by cir- 
culating currents in the shields. 

The equivalent geometric mean radius (GMR;,) for 
three-conductor cables having sector conductors is difficult 
to calculate accurately. The method used to calculate 
values of GMR; for the tables of characteristics is of 
practical accuracy, but is not considered to be appropriate 
for explanation here. As an alternate basis for estimations, 
it appears that the GMR,, for three sector-conductors is 
roughly 90 percent of the GMR;, for three round conduc- 
tors having the same copper area and the same insulation 
thickness. 

Example 2—Find the zero-sequence impedance of a 
three-conductor belted cable, No. 2 A.W.G. conductor (7 
strands) with conductor diameter of 0.292 inches. Con- 
ductor insulation thickness is 156 mils, belt insulation is 
78 mils, lead sheath thickness is 109 mils, and overall 
cable diameter is 1.732 inches. Assume D,= 2800 feet and 
resistance of one conductor =0.987 ohms per mile at 60 
cycles. Distance between conductor centers is: 

S=0.292+2>0.156 = 0.604 inches. 
GMR of one conductor is (see Chap. 3, Fig. 11): 
GMR,, =0.726 X0.146 =0.106 inches. 
GMR of three conductors is: 


GMR3;,= ~/ (0.106) (0.604)? = 0.338 inches. 
The conductor component of impedance is 
(r, =0.987, re =0.286): 
; 2800 X12 
2 =0.987 +0.286+ 70.8382 logio 9338 


= 1.27+ 74.18 =4.37 ohms per mile. 


This would represent total zero-sequence circuit impedance 
if all current returned in the ground, and none in the 
sheath. 
For the sheath component of impedance: 
_ 0.200 
"s* (1.623) (0.109) 


Z=3X 1.13+0.286+ 0.8382 logic 
=3.68+ 3.87 ohms per mile 


=1.13 ohms per mile 


2X 2800 x 12 
1.623 
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The mutual component of impedance is: 
2m = 0.286-+ 3.87 


If all current returned the sheath, and none in the 
ground, 
2o= 1.27+ 74.18 +3.68+ 3.87 —0.57 —97.74 
= 4.38+ 0.31 =4.39 ohms per mile. 


If return current may divide between the ground and 


sheath paths, 
; (0.286 + 93.87)? 
=1.2 138 — -———— 
an i ee VS RIET ST 
= 1.27+74.18+ 1.623 —72.31 
= 2.89+ 31.87 =3.44 ohms per mile. 


The positive-sequence impedance of this cable is: 
2, =0.987-+ 70.203 ohms per mile. 


Therefore the ratio of zero- to positive-sequence resistance 
is 2.9, and the ratio of zero- to positive-sequence reactance 
is 9.2. 

Zero-sequence impedance is often calculated for all 
return current in the sheath and none in the ground, be- 
cause the magnitude of the answer is usually close to that 
calculated considering a paralleled return. The actual 
nature of a ground-return circuit is usually indefinite, since 
it may be mixed up with water pipes and other conducting 
materials, and also because low-resistance connections 
between sheath and earth are sometimes difficult to 
establish. 

Single-Conductor Cables—Fig. 15 also shows the 
actual and equivalent circuits for three single-conductor 
cables in a perfectly transposed three-phase circuit, where 
the sheaths are solidly bonded and grounded. The im- 
pedance expressions applying to single-conductor cables 
differ in some respects from those for three-phase cables: : 


e 


Ze= Petre +j0.8382 RE 10 pe ohms 


60 GMR3, 
per phase per mile. (380) 
or 
Ze=Tetlot) (Lat Ve— 22a) ohms 
per phase per mile. (31) 
where: 
r,=a.c. resistance of one conductor, ohms per 
mile. 
re=a.c. resistance of earth (see Table 3), ohms 
per mile. 


D,= distance to equivalent earth return path (see 
Table 3), inches. 


GMR,.= geometric mean radius of the conducting 
path made up of the three actual conduc- 
tors taken as a group, inches. 

= ¥/(GMR,.)(GMD;.)? 
x,=reactance of an individual phase conductor 
at twelve-inch spacing, ohms per mile. 
%e=reactance of earth return. 


De : 
= 0.8382 f logo ip ohms per mile. 


(See Table 3.) 
S logio (A*). ohms per mile. 


Xa = 0.2794 60 12 
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GMD;,=geometric mean distance among conductor 
centers, inches. 
= VW Sap . She Sea’ 
f 
zy = Petre +]0.8382 — 60 logis = aM ohms 
per phase per mile (32) 
or 
2 =fstretj(tat%e—2ru) ohms per phase 
per mile (33) 
where: 
GMR;,= geometric mean radius of the conducting 
path made up of the three sheaths in parallel 
3 2 
= (2)\(au..) . 
2 
rs= resistance of one sheath, ohms per mile 
0.200 
= Gin) for lead sheaths. 
r,=inside radius of sheath, inches. 
79 = Outside radius of sheath, inches. 
Z3=reactance of one sheath, ohms per mile 
f 24 
=0. 2794 © ~ 5 | 
PE el Tori 
; f D, 
in =Te+j0.8382 — ] 
Zn =TetJ 60 OB GMD.cn ohms 
per phase per mile. (34) 
or 
2m =Tetj(e+Xs— 2x4) ohms per phase per 
mile. (35) 
where: 
GMD2s.-35 = geometric mean of all separations between 


sheaths and conductors. 


~ (2 )) ampsyee|("2") GMD;,)”. 


Irom the equivalent circuit of Fig. 15, total zero- 


sequence impedance when both ground and sheath paths 
exist is: 


(25) 


If current returns in the sheath only, with none in the 
evround: 


2 
z ‘ 
29 = Zo — ohms per phase per mile. 


3 


2) = Z.+23— 22m Ohms per phase per mile (26) 
GMRg. 
=re+rs+0.8382 logig ——— GMR ohms per phase 
3e per mile. (36) 
=retrst+j(La—2%s) Ohms per phase per mile. (37) 
If current returns in the ground only: 
a= (Z.—Zm) +2m 
=z, ohms per phase per mile. (29) 


Cables in Steel Pipes or Conduits—When cables are 
installed in iron conduits or steel pipes, the zero-sequence 
resistance and reactance are affected by the magnetic 
Material because it closely surrounds the phase conductors 
ind forms a likely return path for zero-sequence current. 
No method of calculating this zero-sequence impedance is 
ivailable, but. some rather complete results are available 
rom field tests on installed low-voltage cables, as shown 
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in Table 2. Some special tests of the zero-sequence im- 
pedance of high-voltage pipe-type cable have been made 
but the results are not yet of a sufficiently wide scope to 
be generally usable. 


5. Shunt Capacitive Reactance 


Shunt capacitive reactances of several types of cables 
are given in the Tables of Electrical Characteristics, 
directly in ohms per mile. In addition, shunt capacitance 
and charging current can‘be derived from the curves of 
geometric factors shown in Figs. 8 and 9, for any cable 
whose dimensions are known. The geometric factors given 
in these curves are identified by symmetrical-component 
terminology. 

The positive-, negative-, and zero-sequence shunt capac- 
itances for single-conductor metallic-sheathed cables are 
all equal, and can be derived from the curves of Fig. 8. 
Three-conductor shielded cables having round conductors 
are similar to single-conductor cable in that each phase 
conductor is surrounded by a grounded metallic covering; 
therefore the positive-, negative-, and zero-sequence values 
are equal and are dependent upon the geometric factor 
relating a conductor to its own shielding layer. The 
geometric factor for three-conductor shielded cables having 
sector-shaped conductors is approximately equal to the 
geometric factor, G, applying to round conductors. How- 
ever, if the sector shape of a shielded cable is known, then 
the curve in Fig. 10, based on insulation thickness and 
mean periphery of insulation, is recommended as giving 
more accurate values of geometric factor. 

For single-conductor and three-conductor shielded ca- 


bles (see Fig. 8), 
C20 Ci, = 0:0892k 


G 
mile. 


microfarads per phase per 


(38) 


1.794 F 

fk megohms per phase per mile. 

Balad amperes per phas r 
1000 all a a 


mile. 


pee (39) 


TyslTy=Jy= 
(40) 


Three-conductor belted cables having no conductor 
shielding have zero-sequence values which differ from the 
positive- and negative-sequence; the appropriate geo- 
metric factors are given in Fig. 9; 


i ar microfarads per phase per mile. (41) 
ee iaieaitiais per phase per mile. (42) 

xy =X a megohms per phase per mile. (48) 
Ly = oe * megohms per phase per mile. (44) 

q, es amperes per phase per mile. (45) 
je Re) amperes per phase per mile. (46) 


1000G 
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When three-conductor belted cables have sector-shaped 
conductors, the geometric factor must be corrected from 
the value which applies to round conductors. This cor- 
rection factor is plotted in Fig. 9, and its use is explained 
below the curve. 
In the foregoing equations, 
Cy, Cy, and Cy are positive-, negative-, and zero- 
sequence capacitances. 
xy, ty and zy are positive-, negative-, and zero- 
sequence capacitive reactances. 
Ty, Iy and Ivy are positive-, negative-, and zero- 
sequence charging currents. 
kv=line-to-line system voltage, kilovolts. 
k=dielectric constant, according to the values in 
Table 4. 


It is important to note that in converting shunt capaci- 
tive reactance from an ‘‘ohms per phase per mile’’ basis 
to a total ‘ohms per phase”’ basis, it is necessary to divide 
by the circuit length: 

— Lo" 
~ I, length in miles’ 


r 
, 
c 


ohms per phase. (47) 


6. Insulation Resistance. 


The calculation of cable insulation resistance is difficult 
because the properties of the insulation are generally 
predictable only within a wide range. The equations pre- 
sented below are therefore quite dependent upon an 
accurate knowledge of insulation power factor. 

For single-conductor and three-conductor shielded 
cables, 

1.79G 
f-k-cos @ 


per mile. 


rysry=ry= -10® ohms per phase 
(48) 


For three-conductor belted cables, 


ry =r 0.5976) - 10° ohms per phase per mile. 
f- k “COs @ (49) 
1.79G ; 
ry oe -10® ohms per phase per mile. (50) 


In these equations, 
ry, To, and ry are positive-, negative-, and zero- 
sequence shunt resistances. 
k =dielectric constant (see Table 4). 
cos @= power factor of insulation, in per unit. 


In Table 5 are listed maximum values of insulation 
power factor, taken from specifications of the Association 
of Edison Illuminating Companies*. These standard 
values will very probably be several times larger than 
actual measured power factors on new cables. 


TABLE 4— DIELECTRIC CONSTANTS OF CABLE INSULATION 


Insulation Range of k Typical k 
Solid Paper 3.0-4.0 3.7 
Oil-Filled 3.0-4.0 3.5 
Gas-Filled 3.0-4.0 3.7 
Varnished Cambric 4.0-6.0 5.0 
Rubber 4.0-9.0 6.0 
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TABLE 5— MAXIMUM POWER FacTors* OF CABLE INSULATION 


Temperature . Oil- Gas- 

of Cable Solid Filled Filled 
(Deg. C.) Paper (low-pressure) (low-pressure) 

25 to 60 0.009 0.0060 0.009 

70 0.015 0.0075 0.013 

80 0.021 0.0090 0.018 

85 0.025 0.0097 0.022 

90 0.030 0.0105 0.027 


*The power factor of new cable is usually below these values by a wide margin.'5 


Wl. TABLES OF ELECTRICAL 
CHARACTERISTICS 


The 60-cycle electrical characteristics of the most usual 
sizes and voltage classes of paper insulated cable are con- 
tained in Tables 6 through 11. In each case the positive-, 
negative-, and zero-sequence resistances and reactances 
are tabulated, or else constants are given from which these 
quantities can be calculated. Also, included in these 
tables are other characteristics useful in cable work, such 
as typical weights per 1000 feet, sheath thicknesses and 
resistances, conductor diameters and GMR’s, and the type 
of conductors normally used in any particular cable. 

In each of these tables the electrical characteristics have 
been calculated by the equations and curves presented in 
the foregoing pages. Where sector-shaped conductors are 
used, some approximations are necessary as pointed out 
previously. In Table 6 the positive- and negative-sequence 
reactance for sectored cables has arbitrarily been taken 
7.5 percent less than that of an equivalent round-conductor 
cable, in accordance with Dr. Simmons’ recommendations. | 
The equivalent GMR of three conductors in sectored 
cables is necessarily an approximation because the GMR of 
one sector cannot be determined accurately. This condi- 
tion arises since the shape of sectors varies and a rigorous 
calculation is not justified. The variation in sector shapes 
probably is greater than any error present in the approxi- 
mation given in the tables. The reactances calculated 
from these approximate GMR’s are sufficiently accurate 
for all practical calculations. 

Table 7 for shielded cables is similar in form to Table 6 
and where sectored cables are listed the same approxima- 
tions in GMR and reactance apply. Table 8 for three- 
conductor oil-filled cables is similar to both Tables 6 and 
7 and the same considerations apply. 

In these tables for three-conductor cables, the zero- 
sequence characteristics are calculated for the case of all 
return current in the sheath and none in the ground. As 
pointed out in the discussion of zero-sequence impedance, 
this is usually sufficiently accurate because of the indefinite 
nature of the ground return circuit. Where ground must 
be considered or where there are paralleled three-phase 
circuits, the impedance must be calculated as illustrated 
in the examples given. 

From the quantities given in these tables of three-con- 
ductor cables, the overall diameter of any particular cable 
can be calculated. 


D=2.155(d+2T)+2(t+L) (51) 
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TABLE 6—60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR BELTED PAPEr-INSULATED CABLES 


Grounded Neutral Service 


Insulation POSITIVE & 
Thickness NEGATIVE— ZERO—SEQUENCE SHEATH 
Mils - SEQ. 
“y n 3 om ‘ > ~ o = n 
u ~ I = gS 2 on a oS 2 ar 
ie & 2 7 2 2 3 2 22 2 5 2 Es 
3 a se | Sn | 2t |] #12 8] go | t2 | 3.5 ea 
3 is sa ar Ps ca ge 64 om a £2 4 om Butt 33 
ro faa] 29 Ro 2D 3° ro) Su agh BS 8m ke aoe Pin 
al oe BO 33 se | $9 a2 | 3g | #2 | Sah | TS | #2 | a8 | Ses E2 
2 3 ee os = 26¢ | 2a Ry ga gual] es gz 32 238 BA 
3] 8 3 ae 58 se | 33¢| 8s | se | £8 | 88] 22 | £2 | $2] 288 2 
- 3) a 5s HO z= as aay oO BO Ano co nod ao BLO oa: 
60 35 6 SR 1 500 0.184 2.50 0.067 0.185 6300 0.184 10.66 0.315 11 600 2 
60 35 4 SR 1910 | 0.232 | 1.58 | 0.084 | 0.175 | 540 0.218 | 8.39 | 0.293 | 10200 90 | 2.27 
60 35 2 SR 2390 | 0.292 ] 0.987 } 0.106 }] 0.165 | 4700 |] 0.262 | 6.99 | 0.273 9 000 90 | 2.00 
60 35 1 SR 2820 | 0.332 | 0.786 | 0.126 | 0.155 | 4300 | 0.295 | 6.07 | 0.256 3 400 95 | 1.76 
; 35 0 SR 3210 | 0.373 | 0.622 | 0.142 | 0.152 | 4000 | 0.326 | 5.54 | 0.246 7 900 95 1.64 
35 00 cs 3160 | 0.323 | 0.495 | 0.151 | 0.138 | 2800 | 0.290 | 5.96 | 0.250 5 400 95 1.82 
: 35 000 cs 3650 | 0.364 | 0.392 | 0.171 | 0.134 | 2300 | 0.320 | 5.46 | 0.241 4500 95 1.69 
vi 35 0000 cs 4390 | 0.417 | 0.310 | 0.191 | 0.131 | 2000 | 0.355 | 4.72 | 0.237 4.000 100 | 1.47 
7 35 250 000 cs 4900 | 0.455 | 0.263 | 0.210 | 0.129 | 1800 | 0.387 | 4.46 | 0.22 3 600 100 1.40 
35 300 000 cs 5660 | 0.497 | 0.220 | 0.230 | 0.128 | 1700 | 0.415 | 3.97 | 0.221 3 400 105 1.25 
35 350 000 cs 6310 | 0.539 | 0.190 | 0.249 | 0.126 | 1500 | 0.446 | 3.73. | 0.216 3 100 105 1.18 
35 400 000 cs 7080 | 0.572 | 0.166 | 0.265 | 0.124 | 1500 | 0.467 | 3.41 | 0.214 2 900 110 1.08 
35 500 000 Lr) 8 310 0.642 0.134 0.297 0.123 1300 0.517 3.11 0,208 2 600 110 0.993 
40 600 000 cs 9800 | 0.700 } 0.113 | 0.327 | 0.122 | 1200 | 0.567 | 2.74 | 0.197 2 400 115) | (0.877 
40 750 000 cs 11800 | 0.780 | 0.091 | 0.366 | 0.121 | 1100 | 0.623 2.40 | 0.194 2 100 120 | 0.77 
40 6 SR 1680 | 0.184 | 2.50 | 0.067 | 0.192 } 6700 | 0.192 | 9.67 |0.322 | 12500 90 | 2.39 
40 4 SR 2030 | 0.232 } 1.58 | 0.084 | 0.181 | 5800 |] 0.227 | 8.06 | 0.298 | 11 200 90 | 2.16 
40 2 SR 2600 | 0.292 | 0.987 | 0.106 | 0.171 | 5100 | 0.271 6.39 | 0.278 9 800 95 1.80 
40 1 SR 2930 | 0.332 | 0.786 | 0.126 | 0.161 | 4700 } 0.304 | 5.83 | 0.263 9 200 95 1.68 
40 0 SR 3440 | 0.373 | 0.622 | 0.142 | 0.156 | 4400 | 0.335 | 5.06 | 0.256 8 600 100 1.48 
40 00 cs 3300 | 0.323 | 0.495 | 0.151 | 0.142 | 3500 | 0.297 | 5.69 | 0.259 6 700 95 1.73 
$ 40 000 cs 3890 | 0.364 | 0.392 | 0.171 | 0.138 | 2700 | 0.329 | 5.28 | 0.246 5 100 95 1.63 
Z 40 0000 cs 4530 | 0.417 | 0.310 | 0.191 | 0.135 | 2400 | 0.367 | 4.57 | 0.237 4 600 100 1.42 
- 40 250 000 cs 5160 | 0.455 | 0.263 | 0.210 | 0.132 | 2100 |] 0.396 | 4.07 | 0.231 4 200 105 1.27 
40 300 000 cs 5810 | 0.497 | 0.220 | 0.230 | 0.130 | 1900 | 0.424 | 3.82 | 0.228 3 800 105 1.20 
40 350 000 cs 6470 | 0.539 | 0.190 | 0.249 | 0.129 | 1800 | 0.455 | 3.61 | 0.219 3 700 105 1.14 
40 400 000 cs 7240 | 0.572 | 0.166 | 0.265 | 0.128 | 1700 | 0.478 | 3.32 | 0.218 3 400 110 1.05 
40 500 000 cs seco | 0.642 | 0.134 | 0.297 | 0.126 | 1500 | 0.527 | 2.89 | 0.214 3.000 115 | 0.918 
40 600 000 cs 9910 | 0.700 | 0.113 | 0.327 | 6.125 | 1400 | 0.577 2.68 | 0.210 2 800 115) | 0.855 
4 750 000 cs 11920 | 0.780 | 0.091 | 0.366 | 0.123 | 1300 | 0.633 2.37 | 0.204 2 500 120 | 0.758 
BS 6 SR 2150 | 0.184 | 2.50 | 0.067 | 0.215 | 8500 | 0.218 | 8.14 | 0.342 | 15000 95 1.88 
55 4 SR 2470 | 0.232 | 1.58 | 0.084 | 0.199 | 7600 | 0.250 6.86 | 0.317 | 13600 95 1.76 
50 2 SR 2900 | 0.292 | 0.987 | 0.106 | 0.184 | 6100 | 0.291 5.88 | 0.290 | 11300 95 1.63 
45 1 SR 3280 | 0.332 ) 0.786 | 0.126 |] 0.171 | 5400 | 0.321 5.23 | 0.270 } 10200 100 | 1.48 
45 0 SR 3660 | 0.373 | 0.622 | 0.142 | 0.165 | 5000 | 0.352 | 4.79 | 0.259 9 600 100 1.39 
45 00 cs 3480 | 0.323 | 0.495 | 0.151 | 0.148 | 3600 | 0.312 | 5.42 | 0.263 9 300 95 1.64 
L 45 000 cs 4080 | 0.364 | 0.392 | 0.171 | 0.143 | 3200 | 0.343 | 4.74 | 0.254 6 700 100 1.45 
Z 45 0000 cs 4720 | 0.417 | 0.310 | 0.191 | 0.141 | 2800 | 0.380 | 4.33 | 0.245 8 300 100 134 
9 45 250 000 cs 5370 | 0.455 | 0.263 | 0.210 | 0.138 | 2600 | 0.410 | 3.89 | 0.237 7 800 105 | 1.21 
45 300 000 cs 6050 | 0.497 | 0.220 | 0.230 | 0.135 | 2400 | 0.438 | 3.67 | 0.231 7 400 105 1.15 
45 350 000 cs 6830 | 0.539 | 0.190 | 0.249 | 0.133 | 2200 | 0.470 | 3.31 | 0.225 7 000 110 1.04 
45 400 000 cs 7480 | 0.572 |} 0.166 | 0.265 | 0.131 | 2000 | 0.493 | 3.17 | 0.221 6 700 110 1.00 
45 500 000 cs 8890 | 0.642 | 0.134 | 0.297 | 0.129 | 1800 | 0.542 2.79 | 0.216 6 200 115 | 0.885 
45 600 000 cs 10300 | 0.700 | 0.113 | 0.327 | 0.128 | 1600 } 0.587 | 2.51 | 0.210 5 800 120 | 0.798 
45 750 000 cs 12340 | 0.780 | 0.091 } 0.366 | 0.125 | 1500 } 0.643 | 2.21 | 0.206 5 400 125. | 0.707 
65 6 SR 2450 | 0.184 | 2.50 | 0.067 | 0.230 | 9600 | 0.236 | 7.57 | 0.353 | 16300 95 1.69 
65 4 SR 2900 | 0.232 | 1.58 | 0.084 | 0.212 } 8300 | 0.269 | 6.08 |0.329 | 14500 100 1.50 
60 2 SR 3280 | 0.292 | 0.987 | 0.106 | 0.193 | 6800 | 0.307 | 5.25 | 0.302 | 12500 100 1.42 
55 1 SR 3560 | 0.332 | 0.786 | 0.126 | 0.179 | 6100 | 0.338 | 4.90 | 0.280 | 11400 100 1.37 
55 0 SR 4090 | 0.373 | 0.622 | 0.142 | 0.174 | 5700 | 0.368 | 4.31 | 0.272 | 10700 105 1.23 
55 00 cs 3870 | 0.323 | 0.495 | 0.151 | 0.156 | 4300 | 0.330 | 4.79 | 0.273 8 300 100 1.43 
e 55 000 cs 4390 | 0.364 | 0.392 | 0.171 | 0.151 | 3800 | 0.362 | 4.41 | 0.263 7 400 100 1.34 
ea 55 0000 cs 5150 | 0.417 | 0.310 | 0.191 | 0.147 | 3500 | 0.399 | 3.88 | 0.254 6 600 105} 1.19 
os 55 250 000 cs 5830 | 0.455 | 0.263 | 0.210 | 0.144 | 3200 | 0.428 | 3.50 | 0.246 6 200 110 | 1.08 
55 300 000 cs 6500 | 0.497 ] 0.220 } 0.230 } 0.141 | 2900 | 0.458 } 3.31 | 0.239 5 600 110 1.03 
55 350 000 cs 7160 | 0.539 | 0.190 | 0.249 | 0.139 | 2700 | 0.489 | 3.12 | 0.233 5 200 110 | 0.978 
55 400 000 cs 7980 | 0.572 | 0.166 | 0.265 | 0.137 | 2500 | 0.513 | 2.86 | 0.230 4 900 115} 0.899 
55 500 000 cs 9430 | 0.642 | 0.134 | 0.297 | 0.135 | 2200 | 0.563 | 2.53 | 0.224 4 300 120 | 0.800 
55 600 000 cs 10680 | 0.700 { 0.113 | 0.327 | 0.132 | 2000 | 0.606 | 2.39 | 0.218 3 900 120 | 0.758 
ee 55 750 000 cs 12740 | 0.780 | 0.091 | 0.366 { 0.129 | 1800 | 0.663 } 2.11 | 0.211 3 500 125 | 0.673 
85 2 SR 4350 | 0.292 | 0.987 | 0.106 | 0.217 | 8600 | 0.349 | 4.20 | 0.323 | 15000 110 1.07 
80 1 SR 4640 | 0.332 | 0.786 | 0.126 | 0.202 | 7800 | 0.381 3.88 | 0.305 | 13 800 110 1.03 
75 0 SR 4990 {| 0.373 | 0.622 | 0.142 | 0.193 | 7100 | 0.409 | 3.62 | 0.288 | 12800 110 1.00 
75 00 SR 5600 | 0.419 | 0.495 | 0.159 | 0.185 | 6500 | 0.439 | 3.25 | 0.280 | 12000 115 | 0.918 
: 75 000 SR 6230 | 0.470 | 0.392 | 0.178 } 0.180 | 6000 | 0.476 | 2.99 | 0.272 ] 11300 115° | 0.867 
Z 75 0000 SR 7180 | 0.528 | 0.310 | 0.200 | 0.174 | 5600 | 0.520 | 2:64 | 0.263 | 10600 120 | 0.778 
9 75 250 000 SR 7840 | 0.575 | 0.263 | 0.218 | 0.168 | 5300 | 0.555 | 2.50 | 0.256 | 10200 120 | 0.744 
75 300 000 cs 7480 | 0.497 | 0.220 | 0.230 | 0.155 | 5400 | 0.507 | 2:79 | 0.254 7 900 115 | 0.855 
75 350 000 cs 8340 | 0.539 | 0.190 | 0.249 | 0.152 | 5100 | 0.536 | 2.54 | 0.250 7 200 120 | 0.784 
75 400 000 cs 9030 | 0.572 | 0.166 | 0.265 | 0.149 | 4900 | 0.561 2.44 | 0.245 6 900 120 | 0.758 
75 500 000 cs 10550 | 0.642 | 0.134 | 0.297 | 0.145 | 4600 | 0.611 2.26 | 0.239 6 200 125 | 0.680 
75 600 000 cs 12030 | 0.700 | 0.113 | 0.327 | 0. 0. 1. 9. 0. 
5 750 000 : : 0. 0. 1. 0. 0.5: 


'A-c resistance based upon 100% conductivity at 65°C. including 2% allowance for stranding. 

poe of sector-shaped conductors is an approximate figure close enough for most practical applications. 
For dielectric constant=3.7. 

seosed upon all return current in the sheath; none in ground. 

See Fig. 7 


‘The following symbols are used to designate the cable types; SR—Stranded Round; CS—Compact Sector. 
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TABLE 7—60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR SHIELDED Paprr-INSULATED CABLES 


Grounded Neutral Service 


POSITIVE & 2 
o NEGATIVE 7 ZERO—SEQUENCE SHEATH 
3 SEQUENCE 3 
3 P iS | el 
& - Es 3 2 5 = > Q 
a| 2 2h = a ||. ao || es. Pee. 3 Sa | ga. 29 5 
#| 3 ee el) x ee | te | #, | B28 | ke] & | #4 | 32 | ale ge 
[a b iat = - toro oe n 
a1 2 a) sf 3 5a g2 | se | #8 | See] 4 ef | 22 | dee] 2 | 28, 
4 Pt | B=i-) ca ai as ina 2 SS mn is sfc 2 Sas 
Ss Zn 5° ag wo ES am ae QE eo & 33 ae aoe on 222 
3 am Ee 8 38 a9 By 25 5s 235 a bo oe 235 | 2S $22 
> mA On HO a aH me oie) nO ama oe) no nO Aea|] A ort 
205 4 SR 3 860 0.232 1.58 0.084 | 0.248 | 8200 | 0.328 | 5.15 | 0.325 8200 | 105 1.19 
190 2 SR 4 260 0.292 | 0.987 | 0.106 | 0.226 | 6700 | 0.365 | 4.44 | 0.298 700 | 105 1.15 
185 1 SR 4740 0.332 | 0.786 } 0.126 } 0.210 | 6000 } 0.398 | 3.91 | 0.285 6000 | 110 | 1.04 
180 0 SR 5 090 0.373 | 0.622 } 0.141 0.201 5400 | 0.425 | 3.65 | 0.275 5400 110 | 1.01 
175 00 cs 4790 0.323 | 0.495 | 0.151 0.178 | 5200 }| 0.397 | 3.95 | 0.268 | 5200 | 105 | 1.15 
3 175 000 CS 5 510 0.364 | 0.392 | 0.171 0.170 | 4800 | 0.432 | 3.48 | 0.256 4800 110 1.03 
y 175 0000 cs 6 180 0.417 | 0.310 | O.191 | 0.166 | 4400 | 0.468 | 3.24 | 0.249 4400 | 110 | 0.975 
= 175 250 000 cs 6 910 0.455 | 0.263 | 0.210 | 0.158 | 4100 | 0.498 | 2.95 | 0.243 4100 | 115 | 0.897 
175 300 000 cs 7610 0.497 | 0.220 | 0.230 | 0.156 | 3800 | 0.530 | 2.80 | 0.237 | 3800 115 | 0.360 
175 350 000 cs 8 480 0.539 | 0.190 | 0.249 | 0.153 | 3600 | 0.561 2.53 | 0.233 3600 120 | 0.783 
175 400 000 cs 9 170 0.572 | 0.166 | 0.265 | 0.151 3400 | 0.585 | 2.45 | 0.228 3400 | 120 | 0.761 
175 500 000 cs 10 710 0.642 | 0.134 | 0.297 | 0.146 | 3100 | 0.636 | 2.19 | 0.222 3100 125 | 0.684 
175 600 000 cs 12 230 0.700 | 0.113 | 0.327 | 0.143 2900 } 0 681 1.98 | 0.215 2900 130 | 0.623 
175 750 000 cs 14 380 0.780 } 0.091 0.366 | 0.139 2600 } 0.737 1.78 | 0.211 2600 | 135 | 0.562 
265 2 SR 5 590 0.292 | 0.987 | 0.106 | 0.250 | 8300 | 0.418 | 3.60 | 0.317 8300 115 | 0.870 
250 1 SR 5 860 0.332 | 0.786 | 0.126 | 0.232 | 7500 | 0.450 | 3.26 | 0.298 | 7500 115 | 0.851 
250 0 SR 6 440 0.373 | 0.622 | 0.141 | 0.222 | 6800 | 0.477 | 2.99 | 0.290 | 6800 | 120 | 0.788 
240 00 cs 6 060 0.323 | 0.495 | 0.151 | 0.196 |} 6600 | 0.446 | 3.16 | 0.285 6600 115 | 0.890 
240 000 cs 6 620 0.364 | 0.392 | 0.171 | 0.188 } 6000 | 0.480 | 2.95 | 0.285 6000 115 | 0.851 
> 240 0000 cs 7 480 0.410 | 0.310 | 0.191 | 0.181 5600 | 0.515 | 2.64 | 0.268 5600 | 120 | 0.775 
tA 
2 240 250 000 cs 8 070 0.447 | 0.263 | 0.210 | 0.177 } 5200 | 0.545 | 2.50 | 0.261 5200 | 120 | 0.747 
a 240 300 000 CS 8 990 0.490 | 0.220 | 0.230 | 0.171 | 4900 | 0.579 | 2.29 0.252 | 4900 | 125 | 0.690 
240 350 000 cs 9 720 0.532 | 0.190 | 0.249 | 0.167 | 4600 | 0.610 | 2.10 | 0.249 4600 | 125 | 0.665 
240 400 000 cs 10 650 0.566 | 0.166 | 0.265 | 0.165 | 4400 | 0.633 | 2.03 0.246 | 4400 | 130 | 0.620 
240 500 000 cs 12 280 0.635 | 0.134 | 0.297 | 0.159 | 3900 | 0.687 1.82 0.237 3900 | 135 | 0.562 
240 600 000 cs 13 610 0.690 | 0.113 | 0.327 | 0.154 | 3700 | 0.730 1.73 0.230 | 3700 135 | 0.540 
240 750 000 cs 15 830 0.767 | 0.091 | 0.366 | 0.151 3400 | 0.787 1.56 | 0.225 3400 | 140 | 0.488 
355 0 SR 8 520 0.288 | 0.622 | 0.141 0.239 | 9900 | 0.523 | 2.40 | 0.330 {| 9900 | 130 | 0.594 
345 00 SR 9 180 0.323 | 0.495 | 0.159 | 0.226 {| 9100 | 0.548 | 2.17 0.322 9100 | 1385 | 0.559 
345 000 SR 9 900 0.364 | 0.392 | 0.178 | 0.217 | 8500 | 0.585 | 2.01 0.312 | 8500 | 135 {| 0.538 
345 0000 cs 9 830 0.410 | 0.310 | 0.191 | 0.204 | 7200 | 0.594 | 2.00 | 0.290 | 7200 | 135 | 0.563 
> 345 250 000 cs 10 470 0.447 | 0.263 | 0.210 | 0.197 | 6800 | 0.628 1.90 | 0.280 | 6800 | 135 | 0.545 
i 345 300 000 cs 11 290 0.490 | 0.220 | 0.230 | 0.191 6400 | 0.663 1.80 | 0.273 6400 | 135 | 0.527 
2 345 350 000 cs 12 280 0.532 | 0.190 | 0.249 | 0.187 | 6000 | 0.693 1.66 | 0.270 | 6000 | 140 | 0.491 
0 345, 400 000 cs 13 030 0.566 | 0.166 | 0.265 | 0.183 | 5700 | 0.721 1.61 0.265 | 5700 | 140 | 0.480 
345 500 000 cs 14 760 0.635 | 0.134 | 0.297 | 0.177 5200 | 0.773 1.46 | 0.257 5200 | 145 | 0.441 
345 600 000 cs 16 420 0.690 | 0.113 | 0.327 | 0.171 4900 | 0.819 1.35 0.248 | 4900 | 150 | 0.412. 
345 750 000 cs 18 860 0.767 | 0.091 | 0.366 | 0.165 | 4500 | 0.879 1.22 0.243 | 4500 | 155 | 0.377 


1A-c resistance based on 100% conductivity at 65°C. including 2% allowance for stranding. 
2GMR of sector-shaped conductors is an approximate figure close enough for most practical applications. 


3For dielectric constant=3.7. 
4Based on all return current in the sheath; none in ground. 
’See Fig. 7. 


6The following symbols are used to designate conductor types: SR—Stranded Round; CS—Compact Sector. 


in which, according to Fig. 6, 


D=outside diameter in inches. 
d=diameter of individual conductor in inches. 
T =conductor insulation thickness in inches. 
t= belt insulation thickness in inches (when present). 
L=lead sheath thickness in inches. 


This equation refers to cables with round conductors. For 
sectored cables there is no exact rule, but a close approxi- 
mation can be obtained by using an equivalent cable with 
round conductors and calculating the diameter D by Eq. 
(11), and then subtracting 0.3 to 0.4 times the round con- 
ductor diameter d, depending upon the shape of the sector. 

A set of calculated constants is given in Table 10 for 
single-conductor cables, from which the positive-, negative- 
and zero-sequence characteristics can be quickly deter- 
mined by using the equations given at the foot of the 
tabulation. These equations are derived directly from 


those given for the calculation of sequence impedances in 
the sections under Electrical Characteristics. Since 


f 12 
0 °8 EMR, 
ohms per phase per mile 


f 24 
= 0.2794 —_— 
reel 60 Totti 


ohms per phase per mile 


= 0.2794 = 
(12) 


—logio 
(22) 


f S 

t= 0. 2794 5 [08 5 12 

and r, and r, are conductor and sheath resistances respec- 
tively, the derivation of the equations given with Table 10 
becomes evident. Table 12 gives the one other quantity, 
2a, necessary for the use of Table 10. These reactance 
spacing factors are tabulated for equivalent cable spacings 


ohms per phase per mile (18) 
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TABLE 8—-60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR OIL-FILLED PAPER-INSULATED CABLES 


Grounded Neutral Service 


8 

oO am i 9 

2 ") = se 2 A 

3 3 5 & 5 | 

c| § ors QO £3 3 oe. ee 
2) 3 ao r 2a an br 33 
2) 22 ee 2 ce ee 2. ce 

ton Qin | E a =e a 
2| 52 os a zs BB ae 56 
a 00 cs 5 590 0.323 0.495 0.151 
000 Cs 6 150 0.364 | 0.392 | 0.171 
0000 cs 6 860 0.417 | 0.310 | 0.191 
250 000 cs 7 680 0.455 | 0.263 | 0.210 
2% 2 300 000 cs 9 090 0.497 | 0.220 | 0.230 
3 a 350 000 cs 9 180 0.539 0.190 0.249 
3 400 000 cs 9 900 0.572 | 0.166 | 0.265 
500 000 cs 11.550 0.642 | 0.134 | 0.297 
600 000 cs 12 900 0.700 | 0.113 | 0.327 
750 000 Cs 15 660 0.780 | 0.091 | 0.366 
= 00 cs 6 360 0.323 0.495 0.151 
000 cs 6 940 0.364 | 0.392 | 0.171 
0000 cs 7 660 0.410 | 0.310 | 0.191 
250 000 cs 8 280 0.447 | 0.263 | 0.210 
> 300 000 Cs 9 690 0.490 | 0.220 | 0.230 
4 8 350 000 CS 10 100 0.532 | 0.190 | 0.249 
2 a 400 000 cs 10 820 0.566 | 0.166 | 0.265 
500 000 Cs 12 220 0.635 | 0.134 | 0.297 
600 000 cs 13 930 0.690 | 0.113 | 0.327 
750 000 Cs 16 040 0.767 | 0.091 | 0.366 
1.000 000 cs 
a 00 CR 8 240 0.376 | 0.495 | 0.147 
000 cs 8 830 0.364 | 0.392 | 0.171 
0000 cs 9 660 0.410 | 0.310 | 0.191 
250 000 cs 10 330 0.447 0.263 0.210 
‘ 300 000 cs 11 540 0.490 | 0.220 | 0.230 
4 Eo 350 000 cs 12 230 0.532 | 0.190 | 0.249 
g 29 400 000 cs 13 040 0.566 | 0.166 | 0.265 
500 000 cs 14 880 0.635 | 0.134 | 0.297 
600 000 cs 16 320 0.690 | 9.113 { 0.327 
750 000 cs 18 980 0.767 | 0.091 | 0.366 
1.000 000 


POSITIVE & 


NEGATIVE SEQ. ZERO—SEQUENCE SHEATH 

o ot io n 
2 2 ea 22 22 gy 
so ‘os 3 3a #3 5” 
got lees) cee? || caen| | See 43 

& a =o ay uM 2 
ee 6 fe 73 ea, an ga 
34 234 as g2 3a BA 
a) Sas A ‘BS EE gy 
8&6 | def | SS BS BS es 
0.185 6030 0.406 3.56 0.265 6030 115 1.02 
0.178 5480 0.439 3.30 0.256 5480 115 0.970 
0.172 4840 0.478 3.06 0.243 4840 115 0.918 
0.168 4570 0.508 2.72 0.238 4570 125 0.820 
0.164 4200 0.539 2.58 0.232 4200 125 0.788 
0.160 3900 0.570 2.44 0.227 3900 125 0.752 
0.157 3690 0.595 2.35 0.223 3690 125 0.729 
0.153 3400 0.646 2.04 0.217 3400 335 0.636 
0.150 3200 0.691 1.94 0.210 3200 135 0.608 
0.148 3070 0.763 1.73 0.202 3070 140 0.548 
0.195 6700 0.436 3.28 0. 6700 11s 0.928 
0.188 6100 0.468 2.87 0.2 6100 125 0.826 
0.180 5520 0.503 2.67 0. 5520 125 0.788 
0.177 5180 0.533 2.55 0. 5180 125 0.761 
0.172 4820 0.566 2.41 0.2 4820 125 0.729 
0.168 4490 0.596 2.16 0.: 4490 135 0.638 
0.165 4220 0.623 2.08 0.2: 4220 135 0.639 
0.160 3870 0.672 1.94 0.2 3870 135 0.603 
0.156 3670 0.718 1.74 0.219 3670 140 0.542 
0.151 3350 0.773 1.62 0.213 3350 140 0.510 
0.234 8330 0.532 2.41 0.290 8330 135 0.639 
0.208 7560 0.538 2.32 0.284 7560 135 0.642 
0.200 6840 0.575 2.16 0.274 6840 135 0.618 
0.195 6500 0.607 2.06 0.266 6500 135 0.597 
0.190 6030 0.640 1.85 0.260 6030 140 0.543 
0.185 5700 0.672 1.77 0.254 5700 140 0.527 
0.181 5430 0.700 1.55 0.248 5430 140 0.513 
0.176 5050 0.750 1.51 0.242 50350 150 0.460 
0.171 4740 0.797 1.44 0.235 4740 150 0.442 
0.165 4360 0.854 1.29 0.230 4360 155 0.399 


1A-c resistance based on 100% conductivity at 65°C. including 2% allowance for stranding. 
2G. MR of sector-shaped conductors is an approximate figure close enough for most practical applications. 


3For dielectric constant=3.5. 
4Based on all return current in sheath; none in ground. 
‘See Fig. 7. 


6The following symbols are used to designate the cable types: CR—Compact Round; CS—Compact Sector. 


from 0.5 to 36.0 inches, which should cover the range met 
in practice. For all spacings less than 12 inches, xq is 
negative. 

The constants calculated in this manner apply to one 

three-phase circuit of single-conductor lead-sheath cables, 
assuming all zero-sequence return current to be in the 
sheaths, none in the ground. 
_ The 60-cycle characteristics of single-conductor oil- 
filled cables are given in Table 11. This table is similar in 
form to Table 10 and the impedance characteristics are 
determined in precisely the same way. Here again the 
Sequence constants apply to one three-phase circuit of 
three cables with zero-sequence return current assumed to 
be all in the cable sheaths. Single-conductor oil-filled 
cables have hollow conductors (the oil channel forms the 
core), consequently Table 11 includes cables of the two 
most common inside diameters, 0.5 and 0.69 inches. 

In each of the tabulations, the voltage class listed in the 
first column refers specifically to grounded-neutral opera- 
tion, Frequently cable systems are operated with other 
than a solidly grounded neutral. In low-voltage cables the 


same insulation thickness is used for both grounded and 
ungrounded operation, but in cables rated 7000 volts and 
above, a greater thickness of insulation is recommended 
for a given -voltage class when cable is operated with an 
ungrounded neutral. A good approximation of the elec- 
trical characteristics of these higher voltage cables when 
operated with other than a solidly grounded neutral, can 
be had by referring in each specific case to the next higher 
voltage class listed in the tables. 

The constants of several typical cables calculated by the 
methods outlined are listed in Table 13. These typical 
cases are included to be used as a check on the general 
magnitude of cable constants when making calculations for 
a specific case. Representative sizes and types of cable 
have been chosen to cover as many types of calculation as 
possible. 


III. TABLES OF CURRENT CARRYING 
CAPACITY 


One of the most common problems in cable calculations 
is that ef determining the maximum permissible amperes 
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TABLE 9—60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR GAS-FILLED PAPER-INSULATED CABLES 
(SHIELDED TYPE) 


Grounded Neutral Service 


g NEGATIVE, $BQ. ZERO-SEQUENCE SHEATH 
S 3 g 
n ~~ a a ic. == f= 8 
: : 1 : oH ae 
s eh & 2 S Pe) » ae 
3 oa 3 £ g | ge | 28 ‘ Z 2 ge | Be 
a) 25 3 ‘ 83 on z& $2 1 85,1 2, a2 22 | 95 oo 
5 | ¢ 4 Ss) 22 2 35 os $5 a3y} mS Bs 8 5 285] 3 ge 
2 | 2 go 3 22 24 as 33 Re | O28 ls Be ze | Ose | § ae 
2) 2, 20 2 Bo 28 2 ag $2 | #34 es gg 2 | g3= |] $. aa 
3 | a2 Ee é 3 as | @; | SB | €2 | 385] 28 | 22 | £2 | 285 | 228 | 35 
eg oe e zs at ed cs 8 | aet | CS | &d 8 | aek | 62 | ad 
130 2 SR 3800 | 0.292 | 0.987 | 0.106 | 0.197 | 5100 | 0.321 | 4.86 | 0.289 | 5100 | 110 | 1.29 
130 1 8k 4 320 0.332 0.786 0.126 0.189 460 0.354 4.42 0.274 4600 110 1.21 
130 0 CS 4010 0.288 0.622 0.135 0.172 4500 0.326 4.52 0.279 4500 110 1.30 
130 oo | ¢Ss 4440 0.323 | 0.495 | 0.151 | 0.165 | 4200 | 0.355 | 4.34 | 0.267 | 4200 | 110 | 1.28 
> 130 900 cS 4970 0.364 0,392 0.171 0.158 3800 Q.392 3.90 0.245 3800 110 1.17 
2 | 130 0000 | CS 5 620 0.417 | 0.310 | 0.191 | 0.156 | 3500 | 0.437 | 3.58 | 0.2: 3500 | 110 | 1.09 
sel ee 250000 | Ss 6 180 0.455 | 0.263 | 0.210 | 0.153 | 3200 | 0.462 | 3.41 | 0.230 | 3200 | 110 | 1.05 
130 350 000 cs 7 530 0.539 0.190 0.249 0.146 2800 0.521 3.05 0.2 2800 110 0.953 
130 500 000 cs 9 540 0.642 0.134 0.297 0.141 2400 0.600 2.70 Q.: 2400 110 0.854 
140 750000 | CS 12 900 0.780 | 0.091 | 0.366 | 0.137 | 2200 | 0.715 | 2:21 | 0. 2200 | 115 | 0.707 
150 1 000 000 cs 16 450 0.900 0.070 0.480 0.134 2000 0.810 1.80 0.193 2000 125 0.578 
2 SR 4 670 0.292 | 0.987 | 0.106 | 0.224 | 6900 | 0.376 | 4.17 | 0.302 | 6900 | 110 | 1.06 
1 SR 5 120 0.332 | 0.786 | 0.126 | 0.215 | 6300 | 0.410 | 3.82 | 0.286 | 6300 | 110 | 1.01 
0 | CR 5 300 0.288 | 0.622 | 0.131 | 0.211 | 6200 | 0.398 | 3:62 | 0.302 | 6200 } 110 | 1.00 
00 | CS 5 360 0.323 | 0.495 | 0.151 | 0.188 | 5800 | 0.412 | 3.56 | 0.281 | 5800 | 110 | 1.02 
& | « 000 | CS 5910 0.364 | 0.392 | 0.171 | 0.178 | 5300 } 0.445 | 3.31 | 0.271 | 5300 | 110 | 0.971 
ay =) 0000 CS 6 570 0.417 0.310 0.191 0.175 4800 0.488 3.08 0.2358 4800 110 0.922 
a By 250 000 cs 7 160 0.455 0.263 0.210 0.171 4500 0.520 2.92 0.249 4500 110 0.885 
350000 | CS 8 540 0.539 | 0.190 | 0.249 | 0.163 } 4000 | 0.575 | 2.64 | 0.240 ) 4000 | 110 | 0.816 
500000 | CS 10 750 0.642 | 0.134 | 0.207 | 0.155 | 3500 | 0.655 | 2.36 | 0.230 | 3500 | 110 | 0.741 
750 000 cs 14 650 0.780 0.091 0.466 0.147 2900 0.760 1.84 0.218 2900 125 0.582 
1000000 | ¢8 18 560 0.900 | 0.070 | 0.430 | 0:144 | 2600 | 0.850 | 1:49 | 0.210 | 2600 | 140 | 0.473 
0 | CR 6 900 0.288 | 0.622 | 0.131 | 0.242 | 8400 | 0.477 | 3.00 | 0.320 | 8400 | 110 | 0.794 
00 CR 7 300 0.323 0.495 0.147 0.233 7900 0.509 2.69 0.310 7900 110 0.763 
000 CR 8 200 0.364 0.392 0.165 0.222 7300 0.545 2,58 0.284 7300 115 0.730 
; 0000 cs 8 660 0.410 | 0.310 | 0.191 | 0.201 | 6700 | 0.570 | 2.43 | 0.281 | 6700 | 115 | 0.707 
vA ° 250 000 CS 9 380 0.447 0.263 0.210 0.195 6300 0.604 2.32 0.270 6300 115 0.685 
fe a 350 000 cs 11 200 0.532 0.190 0.249 0.185 5600 0.665 1.95 0.264 5600 125 0.587 
a 500000 | CS 12790 | 0.635 | 0.134 | 0.297 | 0.175 | 4800 | 0.745 | 1.63 | 0.251 | 4800 | 135 | 0.500 
750000 | GS 18 190 0.767 | 0.091 | 0.366 | 0.165 | 4200 | 0.847 | 1.32 | 0.238 | 4200 | 150 | 0.409 
1 000 000 cs 22 100 0.898 0.070 0.430 0.158 3700 0.930 1.13 0.234 3700 160 0.353 


tA-c resistance based on 100% conductivity at 65°C. including 2% allowance for stranding. 
204;MR of sector-shaped conductors is an approximate figure close enough for most practical applications. 


3For dielectric constant=3.7. x 
4Based on all return current in sheath; none in ground. 
5See Fig. 7. 


*The following symbols are used to designate conductor types: SR—Stranded Round; CR—Compact Round; CS—Compact Sector. 


per conductor for any given cable. The limiting factor in 
cable applications is not always the maximum permissible 
insulation temperature. Sometimes regulation, efficiency, 
economy, etc., may dictate the maximum permissible am- 
peres. However because temperature rise is most often the 
controlling factor, the calculations of current-carrying 
capacity are usually based upon this limitation. 

In Tables 14 through 19 earth temperature is assumed to 
be uniform at 20 degrees Centigrade. These tables were 
taken from a publication’ of the Insulated Power Cable 
Engineers Association and give maximum allowable am- 
peres per conductor for representative cable types. Cor- 
rections for earth temperatures other than 20 degrees 
Centigrade are given within the tables. 

Special conditions may make it advisable to calculate a 
cable temperature problem in detail,!°!! taking into 
account variable loading, ‘‘hot spots’? along the cable 
route, and other factors not contemplated in making up 
the tabulated information. 

Approximations can also be obtained for the current- 
carrying capacities of other types of insulation by applying 


multipliers to the tables presented for paper-insulated ca- 
bles. The value for varnished cambric-insulated cables can 
be obtained by multiplying the value given in the tables 
for paper insulation by 0.91, the resulting figure being 
accurate to within five percent of the calculated value. 
Similarly, carrying capacities for rubber insulation can be 
determined with the same degree of accuracy by applying 
a factor of 0.85 to the figure given for an equivalent paper- 
insulated cable. For special heat-resisting rubber this 
factor becomes 0.95. 

Circuits are frequently installed with each duct con- 
taining three cables. The current capacity of these cir- 
cuits will be less than that tabulated here for one cable 
per duct, but will be somewhat higher than the capacity 
of an equivalent shielded three-conductor cable of the 
same conductor size and voltage rating.. 

The number of overhead power cables is a small per- 
centage of the number in ducts, and for this reason space 
does not permit inclusion of loading tables for cables in air. 
Unfortunately there is no simple correction factor or curve 
that can be used to translate the figure for cables in ducts 
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TABLE 10—60-CYCLE CHARACTERISTICS OF SINGLE-CONDUCTOR CoNCENTRIC-STRAND 
PAPER-INSULATED CABLES 


Grounded Neutral Service 


Za Zs Te Ts Ta ra Te Ts 
n S lke é e g E 2 
g | & g 3 Ey 22 gc 52 g g n t 3 »2 ae 
= => a = ze Ss 25 a a v 2 Sa par 
a|,! “2 2| Ela%e| G2lézeia2 [222] 2 |S] s_ g| 3 (S&sja2 lossleg [s 
5/2 | 22 F 1 2) | 285/325] 37s lseol89s|.-|] 3/2 | 22 Sl of [285/58 [37S 
Ble =m 2 3] az | t22 cae ol 4 Mats alas aj Sy 7 3 | &3 a 5a| Om ela 
ole aT o> On| GOn] SERISe 8518 O}s a % 5 5180+] 8+.) 38% 
cle, so [SE $8] sb] ele slel sssiessleeki2ercl2 | cea j 23) 2] 32 |e] eke] e22 
#}22) FE [SS | 2s] #3 | S33| Soe) eseize2clesel S24 3/82] $5 |S=| 24] a2 |oag| 225| s33 
2 | GA os 3S ae SEP Sos) $Sa| pealHazlsaai a-Si = | 25 oy se a6 Sea] eta] 32.) 854 
5 | ae ee 2S | 2S | 4284893] S25) $s8|seel2ss) gel] 0] 8 at 2S) 28 | as |] ese) 225) 2os 
aa | Os Sa] A0 !} CO | MER | MHA SOR MOz nee) Gey > 1S On Pea | BO | OO [eee | soe pron 
.067 | 0. : 2. 6.2 
80 4 670 0 232 0 084 0 302 0 5 1 38 5 38 3300 if 220 4] 1340] 0.232 | 0.084 | 0.602 | 0.412 | 1.58 | 2.91 | g560! 85 
60 2| 880! 0.292 | 0.106 | 0.573 | 0.458 | 0.987 | 4.55 | 2760 | 80 215 2| 1.500] 0.292 | 0.106 | 0.573 | 0.406 | 0.987 | 2.74 | 7270 | 85 
60 1 990) 0.332 | 0.126 | 0.552 | 0.450 | 0.786 | 4.25 } 2490 80 210 1 1610] 0.332 | 0.126 | 0.552 | 0.400 | 0.786 | 2.64 | 6550 ; 85 
60 0 | t 110} 0.373 | 6.141 | 0.539 | 0.442 | 0.622 | 3.61 | 2250 | 80 200 0 | 1710| 0.373 | 0.141 | 0.539 5 
60 00 | 1270] 0.418 | 0.159 | 0.524 | 0.434 | 0.495 | 3.34 | 2040] 80 195 00 | 1940] 0.418 | 0.159 | 0.524 | 90 
| 60 000 | 1510] 0.470 | 0.178 | 0.512 | 0.425 | 0.392 | 3.23 | 1840 | 85 I}, | 185 000 | 2 100] 0.470 | 0.178 | 0.512 | 90 
2 | 60 0000 } 1 740| 0.528 | 0.200 | 0.496 | 0.414 | 0.310 | 2.98 | 1650! 85 IT & | 180 0000 | 2300] 0.528 | 0.200 | 0.496 | 90 
~ | 6a} 250000 | 1930] 0.575 | 0.221 | 0.484 | 0.408 | 0.263 | 2.31 | 1830 | 35 |] 2} 175] 250000 | 2500] 0.575 | 0.221 | 0.484 | 90 
60 | 350000 | 2 490] 0.681 | 0.262 | 0.464 | 0.392 | 0.190 | 2.31 | 1300] 90 175 | 350.000 | 3 110] 0.681 | 0.262 | 0.464 | 95 
60 500 000 | 3 180] 0.814 | 0.313 | 0.442 | 0.378 | 0.134 | 2.06 | 1090 90 175 500 000 | 3.940) 0.814 | 0.313 7 0.442 100 
60 | 750000 | 4380] 0.998 | 0.385 | 0.417 | 0.358 | 0.091 | 1.65} 885 | 95 175 | 750000 | 5 240] 0.998 | 0.385 | 0.417 105 
60 | 1000000 | 5 560] 1.152 | 0.445 | 0.400 | 0.344 | 0.070 | 1.40] 800 | 100 175 | 1000000 | 6 350] 1.152 | 0.445 | 0.400 105 
60 | 1500000 | 8000] 1.412 | 0.543 | 0.374 | 0.319 | 0.050 | 1.05 | 648 | 110 175 | 1500000 | $810! 1.412 | 0.546 | 0.374 115 
60 | 2.000.000 {10 190] 1.632 | 0.633 | 0.356 | 0.305 | 0.041 | 0.994] 555 | 115 175 | 2.000 000 | 11080) 1.632 | 0.633 } 0.356 120 
75 6 { 600] 0.184 } 0.067 | 0.628 | 0.481 | 2.50 5.80 4810 75 : 
4} 720] 0.232 | 0.084 2 | 0,467 | 1.58 | 5.23 | 4020 | 75 ' 
is 2} 930! 0.292 | 0.106 0.573 0.453 0.987 4.31 | 3300 | 80 295 2 | 1920} 0.292 | 0.106 | 0.573 | 0.383 | 0.987 | 2.16 | as90: 90 
75 1 | 1040! 0.332 | 0.126 | 0.552 | 0.445 | 0.786 | 4.03 | 2990 | 80 285 1 | 2010) 0.332 | 0.126 | 0.552 | 0.380 | 0.786 | 2.12 | go50 : 90 
75 0 | 1170} 0.373 | 0.141 | 0.539 | 0.436 | 0.622 | 3.79 | 2670} 80 275 0 | 2120! 0.373 | 0.141 | 0.539 | 0.377 | 0.622 | 2.08 | 7300 90 
75 00 | 1320) 0.418 | 0.159 | 0.524 | 0.428 | 0.495 | 3.52 | 2450 80 265 00 | 2 250) 0.418 | 0.159 | 0.524 | 0.375 | 0.495 | 2.02 | 6580 ; 90 
» | 75 000 | 1570] 0.470 ; 0.178 | 0.512 | 0.420 | 0.392 | 3.10 | 2210 | 85 |] , | 260 000 | 2 530} 0.470 | 0.178 | 0.512 | 0.370 | 0.392 | 1.35 | Bo00 | 95 
21 75 0000 | 1 800) 0.528 | 0.200 | 0.496 | 0.412 | 0.310 | 2.87 | 2010 | 85 |] .& | 250 0000 | 2740] 0.528 | 0.200 | 0.496 | 0.366 | 0.310 | 1.78 | 5350. 95 
= 75 250 000 | 1990) 0.575 | 0.221 | 0.484 | 0.403 | 0.263 | 2.70 | 1860 85 a 250 000 | 2930! 0.575 | 0.221 | 0.484 | 0.361 | 0.263 | 1 m2 4950 | 95 
75| 350000 | 2.550| 0.681 | 0.262 | 0.464 | 0.389 | 0.190 | 2.27] 1610 | 90 350.000 | 3 550; 0.681 | 0.262 | 0.464 | 0.352 | 0.190 | 1.51 | 4310 | 100 
75 | 500000 | 3 340| 0.814 | 0.313 | 0.442 | 0.375 | 0.134 | 1.89 | 1340 | 95 500 000 | 4300] 0.814 | 0.313 | 0.442 | 0.341 | 0.134 | 1.38 | 3720 | 100 
75 | 750000 | 4570| 0.998 | 0.385 | 0.417 | 0.352 | 0.091 | 1.53 | 1060 | 100 750 000 | 5630) 0.998 | 0.385 | 0.417 | 0.325 | 0.091 | 1.15 | 3170 | 105 
75 | 1000000 | 5640] 1.152 | 0.445 | 0.400 | 0.341 | 0.070 | 1.37 | 980 | 100 1.000 000 | 6 910] 1.152 | 0.445 | 0.400 | 0.313 | 0.070 | 1.01 | 2800 | 110 
75 | 1500000 | $090] 1.412 | 0.543 | 0.374 | 0.316 | 0.050 | 1.02 | 805 | 110 1 500 000 | 9 460| 1.412 | 0.546 | 0.374 | 0.296 | 0.050 | 0.806] 2350 | 120 
75 | 2.000.000 | 10 300) 1.632 | 0.633 | 0.356 | 0.302 | 0.041 | 0.877] 685 | 115 2000 000 | 11 790] 1.632 | 0.633 | 0.356 | 0.285 | 0.041 | 0.697] 2070 | 125 
120 6 | 740] 0.184 | 0.067 | 0.628 | 0.456 | 2.50 | 4.47] 6700 | so]] 
115 4| 890] 0.232 | 0.084 | 0.573 | 0.447 | 1.58 | 4.17 | 5540] 80 0 | 2900| 0.373 | 0.142 | 0.539 | 0.352 | 0.622 | 1.51 | 9150 ; 100 
110 2 | 1040] 0.292 | 0.106 | 0.573 | 0.439 | 0.987 | 3.85 | 4520 | 80 00 | 3.040] 0.418 | 0.159 | 0.524 | 0.350 | 0.495 | 1.48 | 8420 | 100 
110 1 | 1160] 0.332 | 0.126 } 0.552 | 0.431 | 0.786 | 3.62 | 4100] 80 000 3 190 0 470 0 178 0.512 0.347 0.392 1.46 7620 100 
3 38 : : : ; 
105 0 | 1270] 0.373 | 0.141 |] 0.539 | 0.425 | 0.622 | 3.47 | 3600 | 80 
100 00 | 1520) 0.418 | 0.159 | 0.524 | 0.420 | 0.495 | 3.09 | 3140 | 85 I] > 250 000 | 3 590| 0.575 | 0.221 | 0.484 | 0.342 | 0.263 | 1.39 | 6410 | 100 
» | 100 000 | 1710) 0.470 | 0.178 | 0.512 | 0.412 | 0.392 | 2.91 | 2860} 35] 350 000 | 4230} 0.681 | 0.262 | 0.464 | 0.366 | 0.190 | 1.24 | 5640 | 105 
| 95 0000 | 1 870] 0.525 | 0.200 | 0.496 | 0.406 | 0.310 | 2.74 | 2480 | 85 Hl 9 500 000 | 5040, 0.814 | 0.313 | 0.442 | 0.325 | 0.134 | 1.15 | 4940 | 105 
"9 750 000 | 6 430| 0.998 | 0.385 | 0.417 | 0.311 | 0.091 | 0.975} 4250 | 110 
0 380 000 2 820 0 aa 0 362 oad 0 388 0 igo 2°30 1380 00 0 | 7780] 1.152 | 0.445 | 0.400 | 0.302 | 0.070 | 0.866] 3780 | 115 
f 262 | 0.464 | 0.38 20 1.000 00 ; ; : 7 
90} 500000 | 3 410) 0.814 | 0.313 | 0.442 | 0.369 | 0.134 | 1.85 | 1610] 95 1 500 000 |10 420] 1.412 | 0.546 | 0.374 | 0.285 | 0.050 | 0.700} 3210 | 125 
90 750 000 | 4 650| 0.998 | 0.385 | 0.417 | 0.350 | 0.091 | 1.49 | 1350 | 100 2 000 000 | 12 830} 1.682 | 0.633 | 0.356 | 0.274 | 0.041 | 0.611) 2830 | 130 
90 | 1000000 | 5850] 1.152 | 0.445 | 0.400 | 0.339 | 0.070 | 1.27 | 1140 | 108 |]_—' 
90 | 1500000 | 8 160] 1.412 | 0.543 | 0.374 | 0.316 | 0.050 | 1.02 | 950 | 110 
90 | 2000 000 | 10370) 1.632 | 0.663 | 0.356 | 0.302 | 0.041 | 0.870} 820 | 115 008 3.910 9.470 0 178 0 512 0.331 4 392 1 20 8890 105 
150 6 | 890) 0.184 | 0.067 | 0.628 | 0.431 | 2.50 | 3.62} 7780 | 80 , ; 
150 4] 1010] 0.232 | 0.084 | 0.602 | 0.425 | 1.58 | 3.22 | 6660 | 85 250000 | 4 290) 0.575 | 0.221 | 0.484 | 0.326 | 0.263 | 1 16 | 7570 | 105 
140 2 | 1150] 0.292 | 0.106 | 0.573 | 0.417 | 0.987 | 3.06 | 5400 | 85 |] 350 000 | 4990} 0.681 | 0.262 | 0.464 | 0.319 | 0.190 | 1.05 | 6720 | 110 
140 1 1 330] 0.332 | 0.126 | 0.552 | 0.411 | 0.786 | 2.91 | 4920 85 ae 500 000 | 5 820] 0.814 | 0.313 | 0.442 | 0.310 | 0.134 | 0.930] 5950 | 115 
‘ag 2 750 000 | 7 450] 0.998 | 0.385 | 0.417 | 0.298 | 0.091 | 0.807] 5130 | 120 
130 00 1590 Oia 0168 0 BDA 0.403 0.495 240 3300 33 1000 000 | 8 680] 1.152 | 0.445 | 0.400 | 0.290 | 0.070 | 0.752] 4610 | 120 
» | 125 000 | 1 780] 0.470 | 0.178 | 0.512 | 0.397 | 0.392 | 2.59 | 3440 85 1 500 000 | 11 420) 1.412 | 0.546 | 0.374 | 0.275 | 0.050 | 0.615] 3930 | 130 
4 | 120 0000 | 1980] 0.528 | 0.200 | 0.496 | 0.389 | 0.310 | 2.29 | 3020 | 90 2.000 000 | 13 910] 1.632 | 0.633 | 0.356 | 0.264 | 0.041 | 0.543] 3520 | 135 
wa 
120 | 250.000 | 2250) 0.575 | 0.221 | 0.484 | 0.383 | 0.263 | 2.18 | 2790 | 90 |]—| —|— 
115 | 350.000 | 2730] 0.681 | 0.262 | 0.464 | 0.375 | 0.190 | 1.90 | 2350 | 95 350 000 | 6 720| 0.681 | 0.262 | 0.464 | 0.292 | 0.190 | 0.773] 8590 | 120 
eee Berea Bera ced ed bed de td dg eg 
5 10.4 4 9 9 50 : : 2 : : ; 
4 1000 000 |10 940] 1.152 | 0.445 | 0.400 | 0.267 | 0.070 | 0.557] 6060 | 135 
115 | 1000 000 | 6 000] 1.152 | 0.415 } 0.400 | 0.330 | 0.070 | 1.25 | 1470 | 105 |] @ 
115 1 500 000 | 8 250] 1.412 | 0.543 | 0.374 | 0.310 | 0.050 | 0.975] 1210 | 110 1 500 000 | 13 680] 1.412 | 0.546 | 0.374 | 0.256 | 0.050 | 0.488 5250 140 
115 | 2.000 000 | 10 480] 1.632 | 0.663 | 0.356 | 0.297 | 0.041 | 0.797] 1055 | 120 2 000 000 | 16 320) 1.632 | 0.633 | 0.356 | 0.246 | 0.041 | 0.437] 4710 | 145 


Positive- = : } Conductors are standard concentric-stranded, not compact round. ; 
EP EO sa 7A-c Resistance based on 100% conductivity at 65°C. including 2°% allowance for stranding. 
, 


*For dielectric constant =3.7. 
Z, =2y =Fe+j(Xa+Xa). 


(b) Including Sheath Currents; Zero-Sequence Impedance: 
ape +e +i(x +z—- xe ) (Based on all return current in sheath; none in ground) 
=a Teta a til % xB+r2 Zq =To+ls+j(Xa—Xs) 


Where Xn = (X,+Xa). 
Note: xy is obtained from Table 12, 
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TABLE 11—60-CYCLE CHARACTERISTICS OF SINGLE-CONDUCTOR OIL-FILLED (HOLLOW Core) 
PAPER-INSULATED CABLES 


Grounded Neutral Service 


INSIDE DIAMETER OF SPRING CORE =0.5 INCHES INSIDE DIAMETER OF SPRING CORE = 0.69 INCHES 
<5 2s Pe te es ts Te Ta 
: 5 2 5 
2 aieg | & 3 
ad on a is] = = yh a os o on = > qa Senetrny 
2 ne s| 38 647|a% |22% s fe 8 B/ ase] galds Z2e| = 
Q i= 23 7 2 how 39 5] 5, (ECE gla ae o oy wo fo] oes] =9 BOS| A 
ge ee sl | 2 cS STA) PHY E72 a | Ba 5 g] | 822) 322) 2] 3) 21 <1 
a ls z= 16 on | OF g Qho| gue |Boe G ls 2° |8.| 2 O% | Sel eOul es Seoul 3, 
cls Ze} as 3 8 852) s55(585 O18 = ag {4 S| 39s} o7 5); 28 293) 28 
2lZ,) 30 |o3) 23] ss a So8) eo |O se 2 bs sO 158) S38] ss [elel ela} ss Oed| 28 
@|2=| =e ae | 221 we 3 Sox) gatlese a2 =5 ame) 24 3 |} 280! 250] $2 2ie/ "8 
£\33| &= | Fe| 32) SE 232) 237) 222/833 Sle] 2% |#e| 22 | SE | 322/832) 23 egg] Bs 
Koi eae 2S | 83 | 46 S22) 265) Gee le s2 olan) BS 23/85) 26 | ses) $28) 35 233/35 
- |4 O6 ea} 20] oO MAN | MON! MO4 ime > imal Os 2a / 8] CO | SAM | mMAn leo DSi) we 
00 |] 3980} 0.736 | 0.345 | 0.431 | 0.333 ] 0.495 | 1.182 | 5240 000 | 4860} 0.924 | 0.439 | 0.399 | 0.320 | 0.392 4450 | 115 
000 | 4090) 0.768 | 0.356 | 0.427 | 0.331 | 0.392 | 1.157 | 5070 0000 | 5090} 06.956 | 0.450 | 0.398 | 0.817 | 0.310 4350 | 115 
0000 7 4320) 0.807 | 0.373 | 0.421 | 0.328 | 0.310 | 1.180 | 4900 250000 | 5 290) 0.983 | 0.460 | 0.396 | 6.315 | 0.263 4230 | 115 
250 000 | 4650| 0.837 | 0.381 | 0.418 | 0.325 | 0.263 ; 1.057 | 4790 
Fe 2 in 350000 | 5950) 1.050 | 0.483 | 0.390 | 0.310 | 0.188 4000 | 120 
Zw | an 350 000 | 5180} 0.918 | 0.468 | 0.410 | 0.320 | 0.188 | 1.009 | 4470 | 115 1] = 500 000 | 6700) 1.145 | 0.516 | 0.382 | 0.304 | 0.132 3700 } 120 
eae he 500 000 | 6 100] 1.028 | 0.448 | 0.399 | 0.312 | 0.133 | 0.905 | 4070 | 120 }] & 750000 | 8080) 1.286 | 0.550 | 0.374 | 0.295 | 0.089 3410 | 125 
8 750 000 | 7310] 1.180 | 0.505 | 0.384 | 0.302 | 0.089 | 0.838 | 3620 |) 120 1000 000 | 9 440) 1.416 | 0.612 | 0.360 | 0.288 | 0.067 3140 | 130 
1000 000 | 8630] 1.310 | 0.550 | 0.374 | 0.294 | 0.068 | 0.752 | 3380 } 125 
1500 000 | 11970) 1.635 | 0.692 | 0.346 | 0.276 | 0.047 2750 | 135 
1500 000 11 090] 1.547 | 0.639 | 0.356 | 0.281 | 0.048 | 0.649 | 2920 | 130 2.000 000 | 14 450) 1.835 | 0.763 | 0.334 | 0.266 | 0.038 2510 | 140 
2.000 000 [13 750} 1.760 | 0.716 | 0.342 | 0.270 | 0.039 | 0.550 | 2570 | 140 |} -——|—~-————_—- 
0000 } 6 590] 0.956 | 0.450 | 0.398 | 0.295 | 0.310 5950 | 125 
_—_— _—_|-— 250 000 | 6 800) 0.983 | 0.460 | 0.396 | 0.294 | 0.263 5790 | 125 
0000 | 5 720| 0.807 | 0.373 | 0.421 | 0.305 | 0.310 | 0.805 | 6650 | 120 > 350000 | 7340! 1.050 ; 0.483 | 0.390 | 0.290 | 0.188 5540 | 125 
250 000 | 5 930) 0.837 | 0.381 | 0.418 + 0.303 | 0.263 | 0.793 | 6500 | 120 wale 500 000 | 8320; 1.145 | 0 516 | 0.382 | 0.284 | 0.132 5150 | 130 
350000 | 6 390) 0.918 | 0.408 | 0.410 | 0.298 | 0.188 | 0.730 ; 6090 | 125 ww | 3 
oe 500 000 | 7 480] 1.028 | 0.448 | 0.399 | 0.291 | 0.133 | 0.692 | 5600 | 125 |] = 750000 | 9790) 1.286 | 0.550 | 0.374 | 0.277 | 0.089 4770 | 135 
=i rd 1000 000 411 060) 1.416 | 0.612 | 0.360 | 0.270 | 0.067 4430 | 135 
ce 750 000 | 8 950| 1.180 | 0.505 | 0.384 | 0.283 | 0.089 | 0.625 | 5040 | 130 1 500 000 | 13 900} 1.635 | 0.692 | 0.346 | 0.260 | 0.047 3920 | 145 
= 1 000 000 $10 350) 1.310 | 0.550 | 0.374 | 0.276 | 0.068 | 0.568 | 4700 | 135 2000 000 | 16 610} 1.835 | 0.763 | 0.334 | 0.251 | 0.038 3580 | 150 
1500 000 }12 960} 1.547 | 0.639 | 0.356 | 0.265 | 0.048 | 0.500 ) 4110 | 140 —=— 
2000 000 |15 530) 1.760 | 0.716 | 0.342 | 0.255 | 0.039 | 0.447 | 3710 | 145 0000 | 7390) 0.956 | 0.450 | 0.398 | 0.786 | 0.310 6590 | 130 
250 000 | 7610) 0.983 | 0.460 | 0.3896 | 0.285 | 0.263 6480 | 130 
— | rae —— see > 350000 | 8170} 1.050 | 0.483 | 0.390 | 0.281 | 0.188 6180 | 130 
0000 } 6 480} 0.807 | 0.373 | 0.421 | 0.295 | 0.310 | 0.758 | 7410 | 125 |] 1a S 500 000 | 9180} 1.145 | 0.516 | 0.382 | 0.276 | 0.132 5790 | 135 
250000 | 6 700] 0.837 | 0.381 | 0.418 | 0.293 | 0.263 | 0.746 | 7240 | 125 Hy 3 
350000 } 7 460] 0.918 | 0.408 | 0.410 | 0.288 | 0.188 | 0.690 | 6820 | 130 ol 750 000 410 660) 1.286 | 0.550 | 0.374 | 0.269 j 0.089 5320 | i40 
a 500 000 { 8310] 1.028 | 0.448 | 0.399 | 0.282 | 0.133 | 0.658 | 6260 | 130 |} ~ 1000000 412010) 1.416 | 0.612 | 0.360 | 0.263 | 0.067 4940 | 140 
< = 1500 000 114 450! 1.635 } 0.692 | 0.346 | 0.253 | 0.04 4460 | 145 
ye 750 000 } 9800; 1.180 | 0.505 | 0.384 | 0.274 | 0.089 | 0.592 | 5680 | 135 2.000 000 | 16 820) 1.835 | 0.763 | 0.334 | 0.245 |- 0.038 4060 | 155 
4 1000 000 }11 270} 1.310 | 0.550 | 0.374 | 0.268 | 0.068 | 0.541 | 5240 | 140 4} —-——|——_——_—__-| —__ ——— 
1500 000 | 13 720] 1.547 | 0.639 | 0.356 | 0.257 | 0.048 | 0.477 | 4670 | 145 250 000 | 8 560; 0.983 | 0.460 | 0.396 | 0.275 | 0.263 7210 | 135 
2.000 000 | 16 080) 1.760 | 0.716 | 0.342 | 0.248 | 0.039 | 0.427 | 4170 | 150 350 000 | 9140] 1.050 | 0.483 | 0.390 | 0.272 | 0.188 6860 | 135 
> 500 000 410 280] 1.145 | 0.516 | 0.382 | 0.267 | 0.13 6430 | 140 
— 4 gS 750 000 111770) 1.286 } 0.550 | 0.374 | 0.261 | 0.089 5980 | 145 
oat: i) 
250 000 | 7600; 0.837 | 0.381 | 0.418 | 0.283 | 0.263 | 0.660 ; 7980 | 130 = 1000 000 413 110) 1.416 | 0.612 | 0.360 | 0.255 | 0.06 5540 | 145 
350 000 | 8390/ 0.918 | 0.408 | 0.410 | 0.279 | 0.188 | 0.611 | 7520 | 135 1500 000 | 15 840) 1.635 | 0.692 | 0.346 | 0.246 | 0.047 4980 | 150 
> 500 000 } 9 270) 1.028 | 0.448 | 0.399 | 0.273 | 0.133 | 0.585 | 6980 | 135 2.000 000 | 18 840] 1.835 | 0.763 | 0.334 | 0.238 | 0.038 4600 | 160 
a) g 750 000 {10 840} 1.180 | 0.505 | 0.384 | 0.266 | 0.089 | 0.532 | 6320 | 140 ]}——-|——_)—-—_—__|-—_—_ — =| —— 
aie » 750 000 ]15 360] 1.286 | 0.550 | 0.374 | 0.238 | 0.089 7610 | 160 
= 1000 000 [12 340] 1.310 | 0.550 | 0.374 | 0.259 | 0.068 | 0.483 | 5880 | 145 }] we | 1000 000 16790) 1.416 | 0.612 | 0.360 | 0.233 0.067 7140 | 160 
1500 000 [15090] 1.547 | 0.639 | 0.356 | 0.246 | 0.048 | 0.433 | 5190 | 150 JJ 6 g 
2 000 000 718 000; 1.760 | 0.716 | 0.342 | 6.241 | 0.039 | 0.391 | 4710 | 155 7 & 2.000 000 }22 990} 1.835 | 0.763 | 0.334 | 0.219 | 0.038 5960 | 170 
1A-c Resistance based on 100% conductivity at 65°C. including 2% allowance for stranding. Above values calculated from ‘A Set of Curves for Skin Effect in Isolated 


Tubular Conductors’ by A. W. 


G. E. Review, Vol. 33, April 1930. 
2For dielectric constant = 3.5. 


Ewan, 


§ICalculated for circular tube as given in Symmetrical Components by Wagner & Evans, Ch. VII, page 138. 


Positive- and Negative-Sequence Impedances: 
(a) Neglecting Sheath Currents; 
Zi = Zz =Fe+j(XatXa). 
(b) Including Sheath Currents; 


fence) paces Xi ) 
Zi =Z2="et— Sao 
pee 52 rd i(x xitr? 
vs Where xm =(X,+Xqa). 


Note: xy is obtained from Table 12. 


to a reasonable figure for cables in air. The current-carry- 
ing capacities of cables in air have recently been revised 
by the IPCEA and are now available in the cable manu- 
facturers’ catalogs. 

In the discussion on proximity effect it was mentioned 
that where cables are installed parallel to steel plates, the 
extra losses arising from proximity to the plate may affect 
the current-carrying capacity. This reduction in carrying 
capacity is given by the curves of Fig. 19 which are taken 
from the test values presented by Booth. 


Zero-Sequence Impedance: 
(Based on all return current in sheath; none in ground) 
Zo =Tot+Ta+j(Xa—Xs) 


IV. CABLES IN PARALLEL 


The problem of current division among paralleled cables 
is frequently encountered, because in many circuits more 
than one cable per phase is installed in order to carry the 
total current. Also, mutual effects may develop between 
cable circuits which are adjacent throughout their length 
but which terminate on separate busses. Depending upon 
the type of circuit, the cable type and configuration, and 
the system conditions being investigated, the problem may 
take any of several forms. 
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TABLE 12—REACTANCE SPACING FACTORS (21)*, OHMS PER MILE AT 60 CYCLES 


In. La Tn. La In. La In. La In. ta In. coal In. Za In. La 


Seay lane 2.75 | —0.179 | 5.25 | —0.100 | 7.75 | ~0.053 | 10.5 | —0.016 | 15.5 | 0.031 | 20.5 | 0.065 | 27.0 | 0.098 
0.50 | —0.385 | 3.00 ; —0.169 | 5.50 | —0.095 | 8.00 | ~0.049 | 11.0 | —0.011 | 16.0 | 0.035 | 21.0 | 0.068 | 28.0 | 0.103 
0.75 | —0.336 | 3.25 | —0.159 | 5.75 | —0.089 | 8.25 | —0.045 | 11.5 | —0.005 | 16.5 | 0.039 | 21.5 | 0.071 | 29.0 | 0.107 
1.00 | —0.802 | 3.50 | —0.149 | 6.00 | —0.084 {| 8.50 | —0.042 | 12.0 0.0 17.0 | 0.042 | 22.0 | 0.074 | 30.0 | 0.111 
1.25 | —0.274 | 3.75 | —0.141 | 6.25 | —0.079 | 8.75 | —0.088 | 12.5 0.005 | 17.5 | 0.046 ] 22.5 | 0.076 | 31.0 | 0.115 
1.50 | —0.252 7 4.00 | —0.133 | 6.50 | —0.074 | 9.00 | —0.035 | 13.0 0.010 | 18.0 | 0.049 | 23.0 | 0.079 | 32.0 | 0.119 
1.75 | 0.284 | 4.25 | —0.126 | 6.75 | —0.070 | 9.25 | —0.082 } 13.5 0.014 | 18.5 | 0.053 | 23.5 | 0.082 | 33.0 | 0.123 
2.00 | —0.217 | 4.50 | —0.119 | 7.00 | —0.065 | 9.50 |; —0.028 | 14.0 0.019 | 19.0 | 0.056 | 24.0 | 0.084 | 34.0 | 0.126 
2.25 | —0.203 | 4.75 | —O.112 | 7.25 | —0.061 | 9.75 | —0.025 | 14.5 0.023 } 19.5 | 0.059 | 25.0 | 0.090 | 35.0 | 0.130 
2.50 | —0.190 | 5.00 | —0.106 | 7.50 | ~0.057 |10.00 | —0.022 | 15.0 0.027 | 20.0 | 0.062 | 26.0 | 0.094 | 36.0 | 0.133 


a 


#74 = 0.2794 4 logio + where S is spacing in inches. 


SENDING BUS REGEIVING BUS 
abc abe 


It is difficult to anticipate in detail the problems met in 
practice, but the examples outlined here indicate methods 
of solution that can be modified to fit actual circumstances. 

Almost any problem involving paralleled cables can be 
represented by simultaneous equations of voltage drops 
caused by self and mutual impedances but such equations 
often become numerous and cumbersome. Therefore in 
approaching most problems it becomes desirable to search 
ubout for one or more simplifying assumptions so that the 
problem can be reduced to simpler terms, still without 
introducing errors large enough to invalidate the solution. 
For example, when paralleled cable circuits connect a 
generating source to a balanced load, it is usually permis- 
sible to assume that the total current in each phase is com- 
posed only of the respective positive-sequence component: 
this assumption is based on the unsymmetrical cable-cir- 
cult impedances being much smaller than the symmetrical 
load impedances. 

Three outlined examples of calculations on paralleled 
cables are included here, but they assist only by illustrating (ZERO CURRENT IN EARTH RETURN PATH) 
general methods, since there are so many different, and 
more complex, cases to be found in practice. 


Fig. 16—Equivalent circuit for parallel cables, with open- 
circuited sheaths and no net ground-return current (see 
Example 3). 


TABLE 13—60-CYCLE CONSTANTS OF TYPICAL CABLES IN OHMS PER PHASE PER MILE 


9 ZERO-SEQUENCE 
POSITIVE- AND NEGATIVE- (ALL RETURN IN 
# SEQUENCE SHEATH) 
‘s 
DESCRIPTION 5 RESISTANCE* REACTANCE 
° | = ° ry Qe 
Cone ge | ge | Be | 8 1 Be | 22 2 Z Be 
29 2 46 =¢ 346 25s 8 3 238 
53 RE ERe nae 24.5 e290 a 3 e209 
Qe he a3 De ke “= > pags Dn a soa 
ae os $25 os ga 2a 0 o o aad 
Os ZO Sano ZO end MOR ion] font nox 
Single-Conductor, 1000 MCM. 30/64 in. Insulation; 4% in. Sheath. 44 0.070 0.114 0.295 0.284 4 780 0.783 0.113 4 730% 
lhree Cables spaced 4 in. horizontally........... 000... . 0c. .0 ee, 
a a tp ng ip 
Single-Conductor, 500 MCM. 9/64 in. Insulation; 6/64 in. Sheath. 6.9 0.134 0.162 0.302 0.299 2 440 1.87 0.081 2 440 
Uhree Cables spaced WW BAM, coho ney Rely Saar a casa er enceed 
Single-Conductor Oil-Filled, 750 MCM., inside diam. 0.50 in. 650 mils 161 0.089 0.221 0.422 0.347 6 300 0.631 0.115 6 300 
Insulation; 9/64 in, Sheath. Three Cables spaced 13 in. horizontally 
Ce 
“mule-Conductor, 250 MCM. 6/64 in. insulation; 7/64 in. Sheath.| 0.21 0.263 0.239 0.181 0.180 2 270 0.960 0.381 2 270 
hree Sheaths in contact and 4/0 Copper Neutrul Wire........... 
Three-Conductor belted; Sectored, 500 MOM. 7/64 in. Conductor In- | 6.9 0.134 0.135 O85 -|ivcncetss 2 410 2,53 0.231 4 670 
sulation, 4/64 in, Belt. 7.5/64 in, Sheath. 0.0.0.0... 0.0. ae 
Three-Conductor Type H; Sectored, 500 MCM. 13/64 in, Insulation,| 15 0.134 | 0.135 | 0.156 |......... 3400 |} 2.10 0.226 | 3 400 
B/GE in Sheath oy <0). shu gale ed ps Fda wiewmteoabee ack waa eiaa 
Three-Conductor Oil-Filled Type H; Sectored, 500 MCM. 225 Mils In- 44 0.134 0.135 0.160 |......... 3 870 
Sulation, 8.5/64 in. Sheath... 00.00. .cc ccc ccc secceeeeuveeanes 


*Conductor temperature 65°C.; Sheath temperature 50°C. 
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TABLE 14—CURRENT CARRYING CAPACITY OF THREE-CONDUCTOR BELTED Papir-INSuULATED CABLES 


Number of Equally Loaded Cables in Duct Bank 


Condue- ONE | THREE SIX | NINE | TWELVE 
tor Conduc- 
Size r Per Cent Load Factor 
AWG | tynet : 
1000CM 3o | so | 75 | 100 | 30 | 50 | 75 | 100 | 30 | so | 75 | 100 | 30 | 50 | 75 | 100 | 30 | so | 75 | 100 
AMPERES PER CONDUCTOR? 
4500 Volts Copper Temperature 85°C 
6 5S 82 80 78 75 81 78 73 68 79 74 68 63 78 72 65 58 76 69 61 54 
4 SR 109 106 103 98 108 102 96 89 104 97 89 81 102 9o4 84 74 100 90 79 69 
2: SR 142 139 134 128 139 133 124 115 136 127 115 104 133 121 108 95 130 117 101 89 
cae | SR 164 161 153 146 159 152 141 130 156 145 130 118 152 138 122 108 148 133 11s 100 
19) cs 189 184 177 168 184 175 162 | 149 180 166 149 134 175 159 140 122 170 152 130 114 
00 CS 218 211 203 192 211 201 185 170 208 190 170 152 201 181 158 138 195 173 148 128 
900 38 250 242 232 219 242 229 211 193 237 217 193 172 229 206 179 156 223 197 167 145 
0000 CS 286 276 264 249 276 260 240 218 270 246 218 194 261 234 202 176 254 223 189 163 
250 cs 316 305 291 273 305 288 263 239 297 271 239 212 288 258 221 192 279 O44 206 177 
300 CS 354 340 324 304 340 321 292 264 332 301 264 234 321 285 245 211 310 271 227 195 
350 cs 392 376 357 334 375 353 320 288 366 330 288 255 351 311 266 229 341 296 248 211 
400 CS 424 406 385 359 406 380 344 309 395 355 309 272 380 334 285 244 367 317 264 224 
500 CS 487 465 439 408 465 433 390 348 451 403 348 305 433 378 320 273 417 357 296 251 
600 CS 544 517 487 450 517 480 430 383 501 444 383 334 480 ALB 350 298 462 393 323 273 
750 CS 618 581 550 505 585 S41 482 427 566 500 427 371 541 466 390 331 519 439 359 302 
(1.07 at 10°C, 0.92 at 30°C, (1.07 at 10°C, 0.92 at 30°C, (1.07 at 10°C, 0.92 at 30°C, (1.07 at 10°C, 0.92 at 30°C, (1.07 at 10°C, 0.92 at 30°C, 
0.83 at 40°C, 0.73 at 50°C)3 0.83 at 40°C, 0.73 at 50°C) 0.83 at 40°C, 0.73 at 50°C)3 0.83 at 40°C, 0.73 at 50°C)3 0.83 at 40°C, 0.73 at 50°C)3 
7500 Volts Copper Temperature 83°C 
6 8 81 80 77 74 79 7 72 | 67 78 74 67 62 V7 71 64 57 vi) 69 60 53 
4 SR 107 105 101 97 104 100 94 87 103 96 87 79 100 92 82 73 98 89 77 68 
2 SR 140 137 132 126 136 131 122 113 134 125 113 102 130 119 105 93 127 114 99 87 
1 SR 161 156 150 143 156 149 138 128 153 142 128 116 149 136 120 105 145 130 112 98 
0 cs 186 180 174 165 180 172 156 146 177 163 148 131 172 155 136 120 167 149 128 111 
00 CS 214 206 198 188 206 196 181 166 202 186 166 148 196 177 155 135 191 169 145 125 
000 CS 243 236 226 214 236 224 206 188 230 211 188 168 223 200 74 152 217 192 163 141 
0000 cs 280 270 258 243 270 255 235 214 264 241 213 190 255 229 198 172 247 218 184 159 
250 cs 311 300 287 269 300 283 259 235 293 266 235 208 282 252 217 188 273 240 202 174 
300 cs 349 336 320 300 335 316 288 260 326 296 259 230 315 279 240 207 304 265 223 190- 
350 cs 385 369 351 328 369 346 315 283 359 323 282 249 345 305 261 224 333 289 242 206 
400 cs 417 399 378 353 398 373 338 303 388 348 303 267 371 317 279 239 360 309 257 220 
500 cs 476 454 429 399 454 423 381 341 440 392 340 298 422 369 312 267 406 348 288 245 
600 cs 534 508 479 443 507 471 422 376 491 436 375 327 469 408 343 291 451 384 315 267 
750 Cs 607 576 540 497 575 5382 473 418 555 489 418 363 §29 455 381 323 507 428 350 295 
(1.08 at 10°C, 0.92 at 30°C, (1.08 at 10°C, 0.92 at 30°C, {1.08 at 10°C, 0.92 at 30°C, (1.08 at 10°C, 0.92 at 30°C, (1.08 at 10°C, 0.92 at 30°C, 
0.83 at 40°C, 0.72 at 50°C)3 0.83 at 40°C, 0.72 at 50°C)? 0.83 at 40°C, 0.72 at 50°C)! 0.83 at 40°C, 0.72 at 50°C)! 0.83 at 40°C, 0.72 at 50°C)3 
15 000 Volts Copper Temperature 75°C 
6 Ss 78 V7 74 71 76 74 69 64 75 70 64 59 73 68 61 54 72 65 57 50 
4 SR 102 99 96 92 98 95 89 83 97 91 83 75 95 87 78 69 93 85 73 64 
2 SR 132 129 125 119 129 123 115 106 126 117 106 96 123 112 99 88 120 108 93 82 
1 SR 151 147 142 135 146 140 131 120 144 133 120 109 140 128 112 99 136 122 107 92 
0 cS 175 170 163 155 169 161 150 138 166 153 137 123 161 146 128 112 156 139 120 104 
00 Cs 200 194 187 177 194 184 170 156 189 175 156 139 183 166 145 127 178 158 135 117 
000 cs 230 223 214 202 222 211 195 178 | :217 199 177 158 210 189 165 143. 203 180 153 132 
0000 CS 266 257 245 232 253 242 222 202 249 228 201 179 240 215 187 158 233 205 173 149 
250 cS 295 284 271 255 281 268 245 221 276 251 220 196 266 239 204 177 257 225 189 163 
300 cs 330 317 301 283 316 297 271 245 307 278 244 215 295 264 225 194 285 248 208 178 
350 CS 365 349 332 310 348 327 297 267 339 305 266 235 324 289 245 211 313 271 227 193 
400 cs 394 377 357 333 375 352 319 286 365 327 285 251 349 307 262 224 336 290 241 206 
500 cs 449 429 406 377 428 399 359 321 414 396 319 280 396 346 293 250 379 326 269 229 
600 cs 502 479 450 417 476 443 396 352 459 409 351 306 438 380 319 273 420 358 294 249 
750 CS 572 543 510 468 540 499 444 393 520 458 391 341 494 425 356 302 471 399 326 275 


(1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 16°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90° at 30°C 
0.79 at 40°C, 0.67 at 50°C) 0.79 at 40°C, 0.67 at 50°C)3 | 0.79 at 40°C, 0.66 at 50°C) 0.79 at 40°C, 0.66 at 50°C)? | 0.79 at 40°C, 0.66 at 50°C)s 


1! The following symbols are used here to designate conductor types: 


2 


—Solid copper, SR—standard round concentric-stranded, CS—compact-sector stranded. 


Current ratings are based on the following conditions: 


a. Ambient earth temperature = 20°C. 

b. 60 cycle alternating current. 

c. Ratings include dielectric loss, and all induced a-c losses. 

d. One cable per duct, all cables equally loaded and in outside ducts only. 


3 Multiply tabulated currents by these factors when earth temperature is other than 20°C. 


Example 3—Type of Circuit: A three-phase 60-cycle load current (positive-sequence only), and its magnitude 
cable circuit connected between a sending and a receiving is known. The cable conductors can be of different sizes, 
bus, using single-conductor unsheathed cables, and having and their spacings can be entirely unsymmetrical. 
two paralleled cables per phase. Problem: To find the division of load current among all 

Conditions: The current flowing into the sending bus conductors. 
and out of the receiving bus is nearly balanced three-phase Circuit: Refer to Figure 16. 


3 


a we 
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TABLE 15—CURRENT CARRYING CAPACITY OF THREE-CONDUCTOR SHIELDED PAPER-INSULATED CABLES 


Number of Equally Loaded Cables in Duct Bank 


Saute: ONE | THREE SIX | NINE | TWELVE 
tor Condue-} 7 
mat tor Per Cent Load Factor 
A ' Type! 
rugoCM 30 50 75 100 | 30 | 50 75 100 | 30 50 75 | 100 | 30 50 75 100 | 30 50 75 100 
AMPERES PER CONDUCTOR? 
‘ 15 000 Volts Copper Temperature 81°C 


000 
QO00 


250 
300 
350 
A400 
500 


HOO 
750 


(1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, 
0.82 at 40°C, 0.71 at 50°C)3 | 0.82 at 40°C, 0.71 at 50°C)s 0.82 at 40°C, 0.71 at 50°C)3 0.82 at 40°C, 0.71 at 50°C) 0.81 at 40°C, 0.70 at 50°C)? 


23 000 Volts Copper Temperature 77°C 


86 
97 


SR 156 150 143 134 149 141 130 117 145 132 117 105 140 125 107 84 134 119 100 
SR 177 170 162 152 170 160 145 133 164 | 149 132 117 159 140 121 105 154 133 112 


cS 200 192 183 172 192 182 166 149 186 169 147 132 178 158 136 118 173 149 126 109 
cs 227 220 210 197 221 208 189 170 212 193 168 149 202 181 156 134 196 172 144: 123 
CS 262 251 233 223 254 238 216 193 242 220 191 169 230 206 175 150 222 195 162 139 
CS 301 289 271 251 291 273 246 219 278 250 215 190 264 233 197 169 255 221 182 157 


cs 334 315 298 277 321 299 270 239 308 275 236 207 290 258 216 184 279 242 
cs 373 349 328 306 354 329 297 263 341 302 259 227 320 283 232 202 309 266 
cs 405 379 358 331 384 356 318 283 369 327 280) 243 347 305 255 217 335 285 23. 
cs 434 409 386 356 412 379 340 302 396 348 298 260 374 325 273 232 359 303 247 


O00 


250 
300 
350 
100 


170 
186 
199 
211 


Cs 492 465 436 401 461 427 379 335 443 391 333 288 424 363 302 257 400 336 275 230 
Cs 543 516 484 440 512 470 414 366 489 428 365 313 464 396 329 279 44} 367 299 248 
cs 516 583 541 495 577 528 465 407 550 479 402 347 520 439 364 306 490 408 329 276 


(1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, 
0.80 at 40°C, 0.67 at 50°C)3 | 0.80 at 40°C, 0.67 at 50°C)! } 0.79 at 40°C, 0.67 at 50°C)3 | 0.79 at 40°C, 0.66 at 50°C3 0.79 at 40°C, 0.65 at 50°C)? 


34 500 Volts 


500 
G00 
750 


Copper Temperature 70°C 
0 Cs 193 185 176 165 184 174 158 141 178 161 140 124 

00 CS 219 209 199 187 208 197 178 160 202 182 158 140 
000 CS 250 238 225 211 238 | 222 202 182 229 206 179 158 
0000 Cs 288 275 260 241 273 256 229 205 263 234 203 179 


250 CS 316 302 285 266 301 280 253 224 289 258 222 196 
800 CS 352 335 315 293 334 310 278 246 320 284 244 213 


350 Cs 384 364 342 318 363 336 301 267 346 308 264 229 329 285 238 204 311 263 217 184 

400 Cs 413 392 367 341 384 360 321 284 372 329 281 244 352 303 254 216 334 282 232; 195 
| 

500 cs 468 442 414 381 436 402 358 317 418 367 312 271 393 337 281 238 372 313 256} 215 


GOO cs 514 487 455 416 481 440 391 344 459 401 340 294 
750 cs 584 548 510 466 541 496 435 383 515 447 378 324 


(1.10 at 10°C, 0.89 at 30°C, (1.10 at 10°C, 0.89 at 30°C, (1.10 at 10°C, 0.89 at 30°C, 
0.76 at 40°C, 0.61 at 50°C)? | 0.76 at 40°C, 0.60 at 50°C)3 | 0.76 at 40°C, 0.60 at 50°C) 


(1.10 at 10°C, 0.88 at 30°C, (1.10 at 10°C, 0.88 at 30°C, 
0.75 at 40°C, 0.58 at 50°C)> | 0.74 at 40°C, 0.56 at 50°C)3 


The following symbols are used here to designate conductor types: 

F S—solid copper, SR—standard round concentric-stranded, CS—compact-sector stranded. 
Current ratings are based on the following conditions: 

a. Ambient earth temperature = 20°C. 

b. 60 eycle alternating current. 

c. Ratings include dielectric loss, and all induced a-c losses. 

d. One cable per duct, all cables equally loaded and in outside ducts only. 


1 Multiply tabulated currents by these factors when earth temperature is other than 20°C. 


Complete voltage drop equations: : Applying these assumptions leads to a set of three simul- 
hes Lytle ZatetlyZeetly Lave tleZetttlek ate taneous equations relating three currents: 


Boe = Pega LyeZye+ Ly Zaty + Ly Zant Tele tle Zac Modified equations : 
i = Leds a Ly Zany + lyZy + Ly Zor" + Thy ae Tyr Z'e" Ta(Zat Zaft a. 22 40") + Ly (Zary’ + VARGN aoe? Zar > h Za") 


9 


B= Lalor Lela t Lele tlw tlle tele "4D Leet bare — LeeLee) = (Lar Late’) 
fea lebcet Llane + Tyler Tobe Leet Tee at(Zany~ Lae) ta Lare—Z ver). 


OSE t Leder + bile tober + leLae tlle Te Lary Zerg — Lats — Lats) + Top Zie + Zn — 22) 
Simplifyi ng assumptions: It is apparent that Fy = E,”, t1e(ZeretZyre—Zyre — Loe!) = (Zant — Za’) 

E v=Ly, and By=Ey; therefore these voltages can be +0?(Z_" — Ly) ta(LZyre — Zoe”). 

climinated by subtraction. Also if one ampere positive Iy(Zye+Zyrer—Zare—Zare) +1 y(Loet+Z ore’ — Zvie"— 
Sequence current is assumed to flow through the overall Zw tl e(ZetZ et Weg) = (Lynct — Ziad 

“reuit, then Jy”=1.0~Iy, [y"=a?~Iy, and I7=a—Ie. +ar(Zyiger—Zyre) +a(Ze— Zee). 
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TABLE 16— CURRENT CARRYING CAPACITY FOR THREE- 
CONDUCTOR OIL-FILLED Paprer INSULATED CABLES 
(amperes per conductor)* 


Rated Line Voltage—Grounded Neutral 
Circular Mils. 34 500 46-000 69 000 
A.W.G. a 
ae 8.) Maximum Copper Temperature—Deg. C. 
75 75 75 
0 168 are 
00 190 190 se 
000 210 210 210 
0000 240 240 240 
250 000 265 265 265 
300 000 295 295 295 
350 000 320 320 320 
400 000 342 342 342 
500 000 382 382 380 
600 000 417 417 412 
700 000 445 445 440 
750 000 460 460 455 
Deg. C. Correction Factor for Various Earth Temps. 

10 1.08 1.08 1.08 
20 1.00 1.00 1.00 
30 0.90 0.90 0.90 
40 79 79 79 


75% load factor assumed, 
Ratings include dielectric loss and extra a-c. losses such as sheath and prox- 
imity loss. 
Above values apply specifically to sector shaped conductors. For round con- 
duetors multiply by 0.99. 

*Applies to three similar loaded cables in a duct bank; for six loaded cables 
in a duct bank, multiply above values by 0.88. 


After substituting the proper self and mutual impedance 
values as defined later, these equations can be solved by the 
method of determinants for current distribution, based on 
a total of 1.0 ampere positive-sequence current in the cir- 
cuit. To obtain actual currents, the distribution factors 
must be multiplied by the actual load current in amperes. 

Apparent conductor impedances: Using the current- 
distribution factors for each conductor to solve the com- 
plete voltage drop equations, an ‘‘apparent”’ impedance for 
each phase of the circuit can be calculated. This apparent 
impedance is valid only for the particular current division 
calculated: 

Apparent impedance of phase a 


Ey Ey 
Fore 10 =F, ) ohms. 
Apparent impedance of phase b 

Ey Ey 
~Toa lp gh =aky”, ohms. 
Apparent impedance of phase c 

Ey Ey 
= — et 2 4 2 ” 

Date VEe=@7E”, ohms. 


Supplementary equations: The original assumption of 
positive-sequence current flow through the circuit pre- 
cludes the existence of any net ground return current. This 
assumption simplifies the determination of the various 
self and mutual impedances, because the effects of a 
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ground return path may be ignored with very small error: 

Za =Ure+jxa) 
where 

l=circuit length in miles. 
r,=a-c. resistance of conductor a’, ohms per mile. 
X= reactance of conductor a’, to a twelve inch radius, 
ohms per mile. 
12 

GMR, of conductor a’, inches 
Z,", Zy', 2p", Z, and Z,” are determined similarly, based 
on the respective conductor characteristics. 


Latat 3 1-70.2794 logio 


= 70.2794 logio 


2 - = 1(—~ xa) where S,,” is the axial 
spacing in inches between conductors a’ and a”. The re- 
maining mutual impedance are calculated similarly, using 
the appropriate spacing for each. 

A series of more complex examples of the above type of 
problem is described by Wagner and Muller.® 

Example 4—Type of circuit: A three-phase 60-cycle 
cable circuit connected between a sending and a receiving 
bus, using two dissimilar three-conductor lead sheathed 
cables in parallel. 

Conditions: Each cable contains three conductors that, 
by the nature of the cable construction, are symmetrically 
transposed so that the flow of positive- or negative- 
sequence currents will cause no zero-sequence voltage 
drops. Therefore, the sequence networks are not interde- 
pendent and an impedance value of each sequence may be 
calculated and used independently. 

Problem: To find the zero-sequence impedance of the 
entire cable circuit, and to determine how zero-sequence 
current divides between cables. 


RECE!VING 
BUS 


(a) 
ACTUAL CIRCUIT 


(b) 


EQUIVALENT CIRCUIT, WITH ALL QUANTITIES 
EXPRESSED IN ZERO—SEQUENCE TERMS 


Fig. 17—Actual and equivalent zero-sequence circuit for two 
parallel three-conductor lead-sheathed cables (see Example 4). 


—— 
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TABLE 17—CURRENT CARRYING CAPACITY OF THREE-CONDUCTOR GAS-FILLED PAPER-INSULATED CABLES 


———— 
Number of Equally Loaded Cables 


Condue- ONE | THREE | SIX | NINE TWELVE 

tor [Conduc- 

ee en Per Cent Load Factor 

AWG ype 

eee eal ee ee | 100 | 30 | 50 | 75 100 | 30 | 50 | 75 | 100] 30 | 50 | 75 | 100 | 30 | 50 | 75 | 100 


APPROXIMATE AMPERES PER CONDUCTOR? 
eS ee 


15 000 Volts Copper Temperature 81°C 
oy) SR 159 154 146 137 153 144 133 121 149 136 120 107 144 129 112 97 139 123 104 90 
1 SR 179 174 166 156 172 163 149 136 168 153 136 121 162 145 125 109 158 138 117 100 
0 cs 203, 195 182 176 196 185 169 154 190 173 154 137 183 164 141 122 178 156 131 112 
00 cs 234 224 215 202 225 212 193 175 218 198 174 156 211 187 162 139 203 V7 148 127 
900 cS 270 258 245 230 258 242 220 198 249 225 198 174 241 212 182 157 232 202 168 144 
0000 cs 308 295 281 261 295 276 250 223 285 257 224 196 275 241 205 176 265 227 189 162 
250 cs 341 327 310 290 325 305 276 246 315 283 245 215 303 265 224 193 291 250 207 77 
$50 cs 417 397 375 346 397 369 330 293 383 340 293 255 366 318 267 227 350 301 245 208 
4500 cs 513 487 450 418 483 446 399 350 467 410 350 303 444 381 318 269 419 358 292 247 
TAO cs 643 606 562 514 602 551 485 426 576 502 423 365 545 464 383 323 519 432 348 293 


(1.08 at 10°C, 0.91 at 30°C. (1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, (1.08 at 10°C, 0.91 at 30°C, 
0.82 at 40°C, 0.71 at 50°C)3 | 0.82 at 40°C, 0.71 at 50°C)s 0.82 at 40°C, 0.71 at 50°C)? | 0.82 at 40°C, 0.70 at 50°C)3 | 0.81 at 40°C, 0.70 at 50°C)5 


23 000 Volts Copper Temperature 77°C 


2 SR 156 150 143 134 149 141 130 117 145 132 117 105 140 125 107 84 134 119 100 86 
1 SR 177 170 162 152 170 160 145 133 164 149 | 132 117 159 140 121 105 154 133 112 97 


0 cs 200 192 183 172 192 182 166 149 186 169 147 132 178 158 136 118 173 149 126 109 
00 cs 227 220 210 197 221 208 189 170 212 193 168 149 202 181 156 134 196 172 144 12¢ 


500 cs 492 465 436 401 461 427 379 335 443 391 333 288 424 363 302 257 400 336 275 230 
750 cs 616 583 541 495 577 528 465 407 550 479 402 347 520 439 364 306 490 408 329 276 


(1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C, (1.09 at 10°C, 0.90 at 30°C. 
0.80 at 40°C, 0.67 at 50°C)s 0.80 at 40°C, 0.67 at 50°C)3 0.79 at 40°C, 0.67 at 50°C) 0.79 at 40°C, 0.66 at 50°C)3 0.79 at 40°C, 0.65 at 50°C)! 
34 500 Volts : Copper Temperature 70°C 
0 cs 203 194 185 173 193 183 166 148 187 169 147 130 180 156 135 116 172 149 125 108 


00 cs 230 220 209 106 218 207 187 168 212 191 166 147 203 178 152 132 194 169 141 121 
000 cs 262 250 236 222 250 233 212 191 240 216 188 166 231 203 173 148 220 191 160 14 
000 cs 302 289 273 253 287 269 240 215 276 246 213 188 264 230 195 168 250 215 179 151 


250, cs 332 | 317 | 300 | 279] 316] 294; 266; 235] 304) 271 233 | 206] 290 | 252] 212 183 | 275 | 233 196 165 
350 cs 403 | 382; 359 | 3347 382 353 | 316 {| 280] 363 | 323 | 277! 240] 346] 300] 250} 2144 327 | 276] 228 193 
500 cs 492 464 435 400 458 422 376 333 439 386 328 285 413 354 295 250 390 329 269 226 
750 cs 613 | 575 | 536] 490] 570 | 521 | 457 | 402] 540| 469] 3971 340] 505] 430] 3541 298] 475] 396| 320] 268 
(1.10 at 10°C, 0.89 at 30°C, | (1.10 at 10°C, 0.89 at 30°C, { (1.10 at 10°C, 0.89 at 30°C, | (1.10 at 10°C, 0.88 at 30°C, | (1.10 at 10°C, 0.88 at 30°C. 
0.76 at 40°C, 0.61 at 50°C)? | 0.76 at 40°C, 0.60 at 50°C)? | 0.76 at 40°C, 0.60 at 50°C) | 0.75 at 40°C, 0.58 at 50°C)? | 0.74 at 40°C. 0.56 at 500C)3 


1 ‘The following symbols are used here to designate conductor types: 


SR—standard round concentric-stranded, CS—compact-sector stranded. 
7 Current ratings are based on the following conditions: 
u. Ambient earth temperature = 20°C. 
b. 60 cycle alternating current. 
ce. Ratings include dielectric loss, and all induced a-c losses. 
d. One cable per duct, all cables equally loaded and in outside ducts only. 


> Multiply tabulated currents by these factors when earth temperature is other than 20°C. 


_ Circuit: Refer to Fig. 17. The three actual conductors Modified equation: 

in cach ec: i - 

each cable have been reduced to one equivalent con WGN GLAAD AD — FT A) 
‘uctor in this figure, and all impedances are to be ex- PILI Be Gee ot Ti WALD) 
pressed in zero-sequence terms considering the earth as a (Zor 2 res z od Z BS +( Zz, ibs on w)( Zu ee on Zu) 


return path for each circuit. 9 Z 
; ; d's" — Lets") (Lesh ~ Zerg l)] = (Lor — Leer 
Complete voltage drop equations: ay _ am ee her ue ee ae ‘ 
34g 3’3 bo! e's 0's" La 3/8" — Lie''3' La 3" 


Eo=lyZetly Zoe tle Zeer tle Zeta + (Ler — Leg) (ZesZyis —LogZy) 
Eo=lyZeetly Ze tle leet le Lee! ; : ; . 
a 7 ; tle hert Leber t led This equation furnishes a solution for Jy, from which J, 
lyLest Ty Zeret [sZat le Zaer follows directly. To find th ipedancé of 
OS Ty Zed pple Zepto ollows directly. To fin e zero-sequence impedance o 


ze the entire circuit requires that one of the complete voltage 

lhe voltage drop Ey can be eliminated by subtraction, and drop equations be solved for E,. Then 

the sheath currents can be solved in terms of conductor 

“urrents by using the last two equations only. Also, it is 

ronvenient to assume that the total zero-sequence current 

lowing into the sending bus is one ampere, which makes 
PAS OSTs Supplementary equations: The equations necessary to 

oom ae Oo. . . 

Aft ‘ ; ; determine each impedance value are shown here: every 

é bas making these changes, the following single equation impedance must be expressed in zero-sequence terms, with 

results: the effect of earth as a return path included. 


Eo Ky 


ae eT 0 


= Hy, ohms. 
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TABLE 18—CURRENT CARRYING CAPACITY OF SINGLE-CONDUCTOR SOLID PAPER-INSULATED CABLES 


Number of Equally Loaded Cables in Duct Bank 


Conductor THREE | SIX | NINE | TWELVE . 
AWG Per Cent Load Factor ; 
or |—— : 
MCM wv | so | 75 | 10 | 30 | so | 7 | 10 | 30 | so | 7 | 10 | 30 | so | zs | 100 | 
AMPERES PER CONDUCTOR! 4 
i 
4 
7500 Volts Copper Temperature, 85°C 
6 116 113 109 103 115 110 103 96 113 107 98 90 lll 104 Q4 85 | 
4 154 149 142 135 152 144 134 125 149 140 128 116 147 136 122 110 3 
2 202 196 186 175 199 189 175 162 196 183 167 151 192 178 159 420! 
1 234 226 214 201 230 218 201 185 226 210 190 172 222 204 181 162 3 
Q 270 262 245 232 266 251 231 212 261 242 219 196 256 234 208 184 H 
00 311 300 283 262 309 290 270 241 303 278 250 224 295 268 236 208 
000 356 344 324 300 356 333 303 275 348 319 285 255 340 308 270 236: 
0000 412 395 371 345 408 380 347 314 398 364 325 290 390 352 307 269 — 
250 456 438 409 379 449 418 379 344 437 400 356 316 427 386 336 294 
300 512 491 459 423 499 464 420 380 486 442 394 349 474 428 371 325 
350 561 537 500 460 546 507 457 403 532 483 429 379 518 466 403 352 
400 607 580 540 496 593 548 493 445 576 522 461 407 560 502 434 378 
500 692 660 611 561 679 626 560 504 659 597 524 459 641 571 490 427 
600 772 735 679 621 757 696 621 557 733 663 579 506 714 632 542 470 
700 846 804 741 677 827 758 674 604 802 721 629 548 779 688 587 508 
750 881 837 771 702 860 789 700 627 835 750 651 568 810 714 609 526. 
800 914 866 797 725 892 817 725 648 865 776 674 588 840 740 630 544° 
1000 1037 980 898 816 1012 922 815 725 980 874 756 657 950 832 705 606 { 
1250 1176 1108 1012 914 1145 1039 914 809 1104 981 845 730 1068 g41 784 673 
1500 1300 1224 1110 1000 1268 1146 1000 884 1220 1078 922 794 1178 1032 855 731 
1750 1420 1332 1204 1080 1382 1240 1078 949 1342 1166 992 851 1280 1103 919 783 
2000 1546 1442 1300 1162 1500 1343 1162 1019 1442 1260 1068 914 1385 1190 986 839 
(1,07 at 10°C, 0.92 at 30°C, 0.83 {1.07 at 10°C, 0.92 at 30°C, 0.83 (1. on. ry 10°C, 0.92 at 30°C, 0.83 (1.07 at 10°C, 0.92 at 30°C, 0.83 
at 40°C, 0.73 at 50°C)? at 40°C, 0.73 at 50°C)? 40°C, 0, 38 at 50°C)2 at 40°C, 0.73 at 50°C)? 
15 000 Volts Copper Temperature, 81°C 
6 113 110 105 100 112 107 100 93 110 104 96 87 108 101 92 83 
4 149 145 138 131 147 140 131 117 144 136 125 114 142 132 119 107 
2 195 190 180 170 193 183 170 157 189 177 161 146 186 172 154 137 
1 226 218 208 195 222 211 195 179 218 204 185 167 214 197 175 157 
0 256 248 234 220 252 239 220 203 247 230 209 188 242 223 198 177 3 
00 297 287 271 254 295 278 253 232 287 265 239 214 283 257 226 202 
000 344 330 312 290 341 320 293 267 333 306 274 245 327 296 260 230 
0000 399 384 361 335 392 367 335 305 383 352 315 280 374 340 298 263 | 
250 440 423 396 367 432 404 367 334 422 387 345 306 412 372 325 286 { 
300 430 470 439 406 481 449 406 369 470 429 382 3338 457 413 359 316 | 
350 539 516 481 444 527 491 443 401 514 468 416 367 501 450 391 342 
400 586 561 522 480 572 530 478 432 556 506 447 395 542 485 419 366 
500 669 639 592 543 635 605 542 488 636 577 507 445 618 551 474 412 
600 746 710 656 601 72 668 598 537 705 637 557 488 685 608 521 452 ° 
700 810 772 712 652 790 726 647 581 766 691 604 528 T44 659 564 488, 
750 840 797 736 674 821 753 672 602 795 716 625 547 772 684 584 505 
800 869 825 762 696 850 780 695 622 823 741 646 665 800 707 6C4 522 
1000 991 939 864 785 968 882 782 697 933 832 724 631 903 794 675 581 
1250 1130 1067 975 864 1102 1000 883 784 1063 941 816 706 1026 898 759 650 
1500 250 1176 1072 966 1220 1105 972 856 1175 1037 892 772 1133 987 828 707 
1750 1368 1282 1162 1044 1330 1198 1042 919 1278 1124 958 824 1230 1063 886 755 
2000 1464 1368 1233 1106 1422 1274 1105 970 1360 1192 1013 869 1308 1125 935 795 
(1. pe. ey 10°C, 0.92 at 30°C, 0.82 (1. OB iy 10°C, 0.92 at 30°C, 0.82 (1.08 at 10°C, 0.92 at 30°C, 0.82 (1.08 By 10°C, 0.92 at 30°C, 0.82 
40°C 0.71 at 30°C)? 40°C, ‘0.71 at 50° C)2 at 40°C, 0.7) at 50°C)? 40°C, ‘0.71 at 50°C)? 
23 000 Volts Copper Temperature, 77°C 
2 186 181 172 162 184 175 162 150 180 169 154 140 178 164 147 132 
1 214 207 197 186 211 200 185 171 206 193 176 159 203 187 167 150 
0 247 239 227 213 244 230 213 196 239 222 197 182 234 216 192 171 
00 283 273 258 242 278 263 243 221 275 253 225 205 267 245 217 193 
000 326 314 296 277 320 302 276 252 315 290 259 233 307 280 247 220 : 
0000 376 362 340 317 367 345 315 288 360 332 297 265 351 320 281 250 | 
250 412 396 373 346 405 380 346 316 396 365 326 290 386 351 307 272 | 
3 463 444 416 386 450 422 382 349 438 404 360 319 428 389 340 301 4 
350 508 488 466 422 493 461 418 380 481 442 393 347 468 424 369 326 { 
400 548 525 491 454 536 498 451 409 521 478 423 373 507 458 398 349 
500 627 600 559 514 615 570 514 464 597 546 480 423 580 521 450 392 
600 695 663 616 566 684 632 568 511 663 603 529 466 645 577 496 431 
700 765 729 675 620 744 689 617 554 725 656 574 503 703 627 538 467 
750 797 759 702 643 779 717 641 574 754 681 596 527 732 650 558 4383 
800 826 786 726 665 808 743 663 595 782 706 617 540 759 674 576 500 ] 
1000 946 898 827 752 921 842 747 667 889 797 692 603 860 759 646 560 
1250 1080 1020 935 848 1052 957 84 751 1014 904 781 67 8 858 725 630 
1500 1192 1122 1025 925 1162 1053 926 818 1118 993 855 736 1081 940 791 682 
1750 1296 1215 1106 994 1256 1130 991 875 1206 1067, 911 785 1162 1007 843 720 
2000 1390 1302 1180 1058 1352 1213 1053 928 1293 1137 967 831 1240 1073 893 760 
(1.09 a tee 0.90 at 30°C, 0.80 (1.09 es 10°C, 0.90 at 30°C, 0.80 (1.09 pv WS 0.90 at 30°C, 0.80 ee Lar at 10°C, 0.90 at 30°C, 0.80 
, 0.68 at 50°C)2 0°C, 0.68 at 50°C) 2 0°C, *0.68 at 50°C)3 40°C, 0.62 at 50°C)3 


Continued | 
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TABLE 18—-CURRENT CARRYING CAPACITY OF SINGLE-CONDUCTOR SOLID PAPER-INSULATED CABLES 
(Continued) 


a aaa ceo E_ 


Number of Equally Loaded Cables in Duct Bank 


Conductor THREE | SIX | NINE | TWELVE 
AWG Per Cent Load Factor 
wcm | 30 | 50 | 75 | 100 | 30 | 3 | 75 | 10 | 30 | 5 | 7 | 10 | 3 | 50 | 75 | 100 


AMPERES PER CONDUCTOR! 


34 500 Volts Copper Temperature, 70°C 


0 227 221 209 197 225 213 197 182 220 205 187 169 215 199 177 158 
00 260 251 239 224 255 242 224 205 249 234 211 190 245 226 200 179 
000 299 290 273 256 295 278 256 235 288 268 242 217 282 259 230 204 
0000 341 330 312 291 336 317 291 267 328 304 274 246 321 293 259 230 
250 380 367 345 322 374 352 321 294 364 337 303 270 356 324 286 253 
300 422 408 382 355 416 390 356 324 405 374 334 298 395 359 315 278 
350 464 446 419 389 455 426 388 353 443 408 364 324 432 392 343 302 
400 502 484 451 419 491 460 417 379 478 440 390 347 466 421 368 323 
500 575 551 514 476 562 524 474 429 547 500 442 392 532 479 416 364 
600 644 616 573 528 629 584 526 475 610 556 491 433 593 532 459 401 
700 710 675 626 577 690 639 574 517 669 608 535 470 649 580 500 435 
750 736 702 651 598 718 664 595 535 696 631 554 486 675 602 518 450 
800 765 730 676 620 747 690 617 555 723 654 574 503 700 624 5385 465 
1000 875 832 766 701 852 783 698 624 823 741 646 564 796 706 601 520 
1250 994 941 864 786 967 882 782 696 930 833 722 628 898 790 670 577 
1500 1098 1036 949 859 1068 972 856 760 1025 914 788 682 988 865 730 626 
1750 1192 1123 1023 925 1156 1048 919 814 1109 984 845 730 1066 929 780 668 
2000 1275 1197 1088 981 1234 1115 975 860 1182 1045 893 770 1135 985 824 704 
2500 1418 1324 1196 1072 1367 1225 1064 936 1305 1144 973 834 1248 1075 893 760 

(1.10 at 10°C, 0.89 at 30°C, 0.76 (1.10 at 10°C, 0.89 at 30°C, 0.76 {1.10 at 10°C, 0.89 at 30°C, 0.76 (1.10 at 10°C, 0.89 at 30°C, 0.76 

at 40°C, 0.61 at 50°C)? at 40°C, 0.61 at 50°C)? at 40°C, 0.60 at 50°C)2 at 40°C, 0.60 at 50°C)? 


46 000 Volts Copper Temperature, 65°C 


000 279 270 256 240 274 259 239 221 268 249 226 204 262 241 214 191 
0000 322 312 294 276 317 299 274 251 309 287 259 232 302 276 244 217 
250 352 340 321 300 346 326 299 274 336 313 282 252 329 301 266 236 
300 394 380 358 334 385 364 332 304 377 349 313 280 367 335 295 260 
350 433 417 392 365 425 398 364 331 413 382 341 304 403 366 321 283 
400 469 451 423 393 459 430 391 356 446 411 367 326 433 394 344 307 
500 534 512 482 444 522 487 441 400 506 464 412 365 492 444 386 339 
600 602 577 538 496 589 546 494 447 570 520 460 406 553 497 430 377 
700 663 633 589 542 645 598 538 486 626 569 502 441 605 542 468 408 
750 689 658 611 561 672 622 559 504 650 590 520 457 629 562 485 422 
800 717 683 638 583 698 645 578 522 674 612 538 472 652 582 501 436 
1000 816 776 | 718 657 794 731 653 585 766 691 604 528 740 657 562 487 
1250 927 879 810 738 900 825 732 654 865 777 675 589 834 736 626 541 
1500 1020 968 887 805 992 904 799 703 951 850 735 638 914 802 679 585 
1750 1110 1047 959 867 1074 976 859 762 1028 915 788 682 987 862 726 623 
2000 1184 1115 1016 918 1144 1035 909 805 1094 970 833 718 1048 913 766 656 
2500 1314 1232 1115 1002 1265 1138 994 875 1205 1062 908 778 1151 996 830 708 
(1.11 at 10°C, 0.87 at 30°C, 0.73 (1.11 at 10°C, 0.87 at 30°C, 0.72 (1.11 at 10°C, 0.87 at 30°C, 0.72 (1.12 at 10°C, 0,87 at 30°C, 0.70 
at 40°C, 0.54 at 50°C)? at 40°C, 0.53 at 50°C)? at 40°C, 0.52 at 50°C)? at 40°C, 0.51 at 50°C)? 


69 000 Volts Copper Temperature, 60°C 


330 395 382 360 336 387 364 333 305 375 348 312 279 365 332 293 259 
400 428 413 389 362 418 393 358 328 405 375 335 300 394 358 315 278 
400 489 470 441 409 477 446 406 370 461 425 379 337 447 405 354 312 
800 545 524 490 454 532 496 450 409 513 471 419 371 497 448 391 343 
zm 599 573 536 495 582 543 490 444 561 514 455 403 542 489 425 372 
a 623 597 556 514 605 562 508 460 583 533 472 417 563 506 439 384 

ite 644 617 575 531 626 582 525 475 603 554 487 430 582 523 453 396 
0 736 702 652 599 713 660 592 533 685 622 547 481 660 589 508 442 
igh 832 792 734 672 806 742 664 595 772 698 610 535 741 659 564 489 
ine a 918 872 804 733 886 814 724 647 848 763 664 580 812 718 612 529 
NGL 994 942 865 788 957 876 776 692 913 818 711 618 873 770 653 563 
2500 1066 1008 924 840 1020 931 822 732 972 868 750 651 927 814 688 592 
Es 1163 1096 1001 903 1115 1013 892 791 1060 942 811 700 1007 880 741 635 
(1.13 at 10°C, 0.85 at 30°C, 0.67 (1.13 at 10°C, 0.85 at 30°C, 0.66 (1,13 at 10°C, 0.84 at 30°C, 0.65 (1.14 at 10°C, 0.84 at 30°C, 0.64 
at 40°C, 0.42 at 50°C)2 at 40°C, 0.40 at 50°C)? at 40°C, 0.36 at 50°C)? at 40°C, 0.32 at 50°C)2 
'Curre 


ul nt ratings are based on the following conditions: 
* Ambient earth temperature =20°C. 
». 60 cycle alternating current. 
See nths bonded and grounded at one point only (open circuited sheaths). 
a andard concentric stranded conductors. 
‘Atings include dielectric loss and skin effect. 
ire cable per duct, all cables equally loaded and in outside ducts only. 
ply tabulated values by these factors when earth temperature is other than 20°C, 
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Multi 


92 


=U ret+ret+j(Lat%e—224)] ohms, where 1= circuit 
length in miles, and the other terms are defined 
as for Eq. (19). 
Zw is defined similarly. 


Ze =l[3ret+re+j(32%5+2-)] ohms, where the terms are 
defined as for Eq. (28). 


Z," is determined similarly. 


Zee =l[re+j(3x3+2-)] ohms, where the terms are 
defined as for Eq. (26). 


Z. is determined similarly. 
Lee! a Zea" = Lag! = llret+] (to— 


S 
Lq= 0.2794 logiy 2 


3x4) | ohms, where 


using for S the center-to-center 


spacing between cables,? in inches. 


A more general version of the above type of problem, 
covering those cases where the cables are not necessarily 
bussed together, is described by Cheek.® 

Example 5—The use of complex GMR’s and GMD’s 
will very often reduce a complicated problem to workable 
terms. The use and significance? of these factors should be 
studied thoroughly before attempting a solution by this 
method (see Chap. 3). 


TABLE 19—CURRENT CARRYING CAPACITY FOR SINGLE- 
CONDUCTOR OIL-FILLED PAPER-INSULATED CABLES 
(amperes per conductor)* 


Rated Line Voltage-—Grounded Neutral 


Circular Mils. | 34500 | 46000 | 69000 | 115000 | 138 000 
or A.W.G. : 
(B.& 8.) Maximum Copper Temperature—Deg. C. 
75 75 75 70 70 
0 256 Wi eslsen oe ceeke Mo ie i” naa 
00 287 286 QB. Il Seva. |S tree 
000 320 310 300 | ..... foo. 
0000 378 367 367 347 335 
250 000 405 395 390 365 352 
300 000 450 440 430 402 392 
350 000 492 482 470 438 427 
400 000 528 512 502 470 460 
500 000 592 592 568 530 522 
600 000 655 650 628 585 578 
700 000 712 710 688 635 630 
750 000 742 740 715 667 658 
800 000 767 765 740 685 680 
1 000 000 872 870 845 775 762 
1 250 000 990 982 955 875 852 
1 500 000 1 082 1075 1 043 957 935 
1 750 000 1 165 1 162 1125 1 030 1 002 
2 000 000 1 240 1 240 1 200 1100 1070 
Deg. C. Correction Factor for Various Earth Temps. 
10 1.08 1.08 1.08 1.08 1.09 
20 1.00 1.00 1.00 1.00 1.00 
30 0.90 0.90 0.90 0.89 0.89 
40 79 79 79 17 17 


75% load factor assumed. 
Ratings include dielectric loss and skin effect. 
Ratings based on open-circuited sheath operation; 
sidered. 

*Applies to three similar loaded cables in a duct bank; for six loaded cables in 
a duct bank, multiply above values by 0.91. 


i.e.—no sheath loss con- 
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TABLE 20—SUGGESTED WITHSTAND IMPULSE VOLTAGES 
FOR CABLES WITH METALLIC COVERING* 


| 
: Solid-Paper Oil-Filled Paper 
: Basic Insulation Insulation 
Insulation] Impulse 
Class Insulation |[ngulation! Withstand|Insulation|Withstand | 
kv Level for jThickness| Voltage [Thickness] Voltage | 
Equipment mils kv mils kv { 
4 
1.2 30 78 94 i 
2.5 45 78 94 
5.0 60 94 113 i 
8.7 75 141 169 ots wea 
15 110 203 244 110 132 { 
23 150 266 319 145 174 i 
34.5 200 375 450 190 228 i 
46 250 469 563 225 270 : 
69 350 688 825 315 378 
115 550 480 575 
138 650 560 672, 
161 750 648 780 j 
230 1050 925 1110 { 


*Based on recommendations by Halperin and Shanklin.?* i 


Cireuit: Four paralleled cables similar to the three-. 
conductor belted cable described in Example 1, and ar 
ranged in a duct bank as illustrated in Fig. 18. 

Problem: To find the overall zero-sequence impedance’ 
of the circuit, with sheaths and ground in parallel, or with, 
return current only in the sheaths. 

GMR of three conductors, 

GMR3.~= 0.338 inches (from example 1). 


acter la te 


(a) Cable configuration, i 


q 
4 
t OF ONE CONDUCTOR } 
NO. OF CIRCUITS ( 

i 


CONDUCTOR BRANCH 
\ To Tj 

‘ ee 2(GMR) CONDUCTORS 

{0.838 log)q (SMO) SEPARATION 

ae © (GMR) CONDUCTORS 


SHEATH 
BRANCH 


GROUND 
BRANCH 


0.286 


; 206 
jo. oe 0910 Fr; 


0.600 
(fot Fl GHNO.OF SHEATHS) 


(b) General equivalent circuit. 


Fig. 18—Four three-conductor cables in a duct bank (8 


4 

i 

i 

| De x | 
}0.838 |0919 (GRD) SEPARATION | 
1 

Example 5). | 
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GMR of the four conductor groups, 
GMRa, = 8/(0.338)*(5)*(10)*(15)? = 3.479 inches. 


Equivalent spacing of three conductors to their sheath, 


Say 8 =0.812 inches. 


(MD among the conductors and the sheaths, 
GMD (ag—ts) = ¥/(0.812)4(5)°(10)*(15)? = 4.330 inches. 
From Fig. 18(b), resistance of the sheath branch, 
0.600 
(1.623) (0.109) (4) 
Also from Fig. 18(b), impedance of the ground branch 


; 2800 X 12 
= 0.286 + 70.838 logic 4330 


=().286+ 73.260 ohms per mile. 


=0.848 ohms per mile. 


IMPULSE TEST VOLTAGE, KILOVOLTS CREST 
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CARRYING CAPACITY AS PERCENT- 
AGE OF CAPACITY IN ABSENCE OF STEEL 


a 
co 


(e] 1 2 3 4 #5 6 7 8 9 10 
DISTANCE OF CABLES FROM STEEL PLATE-INCHES 


Fig. 19—Effect of steel plates on current-carrying capacity of 


single-conductor cables. 


Three phase system; flat config- 
uration. 


200 


300 


400 500 600 


INSULATION THICKNESS, MILS 
Fig. 20—Summary of some impulse tests on paper-insulated cables 


Koy: 


1 Babe ane Eddy, 12 1 x 10 negative wave, high density 

ders a He insulation (Simplex Wire and Cable Co.). 

3 Held ang ee necorings 7 negative wave, solid insulation. 
filled ineut eichsenring, positive and negative waves, oil- 

4 Held and Leictvenri 

5 An aphe positive wave, solid insulation. 
ulate, ms test, regular density paper, oil-filled in- 
Ponca, neta Cable Corporation). 
renuiec a cott, average of five tests, 1 x 10 positive wave, 
Co.) ensity paper, solid insulation (General Electric 


oe 
- cae test, high density paper, oil-filled insu- 
(General Cable Corporation). 


8 


(based on information presented by Foust and Scott}3). 


An unpublished test, solid insulation (The Okonite 
Company). 

Foust and Scott, 1.5 x 40 positive wave, regular density 
paper, solid insulation. 

Foust and Scott, combination regular and medium den- 
sity paper, solid insulation. 

Foust and Scott, high density paper, solid insulation. 
Foust and Scott, medium density paper, solid insulation. 
Foust and Scott, 1.5 x 40 positive wave, combination reg- 
ular and medium density paper, solid insulation. 
Foust and Scott, 0.5 x 40 positive wave, regular density 
paper, solid insulation. 

Foust and Scott, 0.5 x 5 positive wave, regular density 
paper, solid insulation. 
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The zero-sequence impedance with sheath and ground 
in parallel, 
0.848(0.286 +73.260) ones 2 
Lo= + 0.247 4-90. 
oF 8484+ (0.286-4j3.260) 8! T9007 
= 1.022+ 70.275 ohms per phase per mile. 


The absolute value of this impedance is 1.06 ohms per 
phase per mile. 

The zero-sequence impedance considering all return 
current in the sheath and none in the ground, 


= (0.247 + 70.0797) +0.848 
= 1.095+ 70.0797 ohms per phase per mile. 


The absolute value of this impedance is 1.1 ohms per phase 
per mile, or substantially the same as with the sheath and 
ground in parallel. In this case the effect of high sheath 
resistance is minimized by the fact that four sheaths are 
paralleled. 


V. IMPULSE STRENGTH OF CABLES 


Power-transmission circuits are often made up of cables 
and overhead-line sections connected in series, and this 
construction may impose lightning-surge voltages on the 
cable insulation. Even when circuits are totally under- 
ground, it is possible that cable insulation will be stressed 
by transient overvoltages caused by switching operations. 
For these reasons the impulse strength of cable insulation 
is information of some value for predicting cable perform- 
ance in an actual installation. 

No industry-wide standards have been established for 
cable impulse strength. Test data from various sources is 
available,?:!3 and some of these results for paper-insulated 
cables are shown in Fig. 20. Several variables are inherent 
in the curves, so that the spread of the test points is wider 
than might be obtained with uniformly controlled test 
conditions. The factors not yet. completely investigated 
include the effect of normal insulation aging, the relation 
between actual voltage gradient within the insulation and 
the average gradient, wave shape and polarity of the test 
impulse voltage, and grade or compounding of insulation. 

Using 1200 volts per mil average stress as a safe with- 
stand impulse strength for paper-insulated cables, as sug- 
gested by Halperin and Shanklin,’ the withstand voltages 
for representative cables may be listed as in Table 20. 
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CHAPTER 5 


POWER TRANSFORMERS AND REACTORS 


Original Authors: 
J. E. Hobson and R. L. Witzke 
N this chapter are included the fundamental theory, 
I operating practices, pertinent application data, and 
some of the physical characteristics of power trans- 
formers and reactors. No attempt is made to give a com- 
plete exposition of the material. It is expected that the 
listed references will be consulted for a more detailed con- 
sideration of each section. Although the fundamental the- 
ory presented here holds also for distribution transformers, 
the standards of operation and present practices regarding 
distribution transformer application are not included in 
this chapter. Grounding transformers are included since 
they are ordinarily associated with power systems. 


I. THEORY 


1. Fundamental Considerations 


Before going into the various problems involved in the 
application of transformers and the methods used in ana- 
lyzing their effect on system operation, it is well to review 
briefly the fundamental theory of transformer action. 

Two windings on a common magnetic core are pictured 
in Fig. 1. Let the number of turns in the P winding be m1, 


Fig. 1—Two-winding transformer. 


and the number of turns in the S winding be ne. Assume 
that there is a flux in the core which links both windings 
and is a sinusoidal function of time. 


o= (1) 


Then the voltage induced in the P winding at any instant 
by the flux is 


max SIN wt 


ep= —nas 10-8 volts (2) 
= —NWdmax COS wt X 10-8 volts 
where w= 2rf 
hence, = —2Q7fNidmex COS wtX 10-8 volts 
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and the rms ihe Ns this voltage is 


E,= 2a get 10- ae volts 


+ 2 
= 4.44fnA Box X 10 volts 
f=frequency in cycles per second. 
A=cross sectional area of magnetic circuit i in| 
square centimeters (assumed uniform). 
Bax = Maximum flux density in the core in lines 
per square centimeter. 


where, 


Similarly, the rms voltage induced in the S winding by the‘ 
flux is given by 


H,=4.44fneA Bmax X 10- volts. 


Thus it is evident that a sinusoidal flux linking a coil in- 
duces in it a voltage which is also sinusoidal and which 
lags the flux by 90 electrical degrees. 4 

To apply the above principle to the operation of a trans- 
former, refer again to Fig. 1 and consider the S winding as 
open and let a sinusoidal voltage be impressed on the P 
winding. The current, J., that flows in the P winding 
under this condition (J,=0) is called the exciting current 
and sets up an alternating flux about that winding, which 
consists of two parts: a mutual flux whose path is wholly 
in the core and which, therefore, links both windings, and i 
a leakage flux whose path is partly in air and which links 
only the P winding. The ratio of the leakage flux to the: 
mutual flux depends on the relative reluctance of their; 
respective paths, which in turn is a function of the satura- 
tion of the core and the magnitude of the current. It is 
convenient to consider the voltage induced in the P wind- 
ing, by the flux linking it, as made up of two components, 
one produced by the linkages resulting from the mutual; 
flux and the other produced by leakage flux. In the or- 
dinary commercial transformer the leakage flux is small 
and can be neglected for the present. Then, if the small 72 
drop in the winding is also ignored, the voltage induced in 
the P winding by the mutual flux can, with close approx- 
imation, be set equal and opposite to the impressed voltage. 
If, as assumed, the latter is sinusoidal, then the mutual 
flux must also be sinusoidal and the induced voltage is 
given by Eq. (3), 


E,=4.44fmriA Bunax X 10-8 volts. 


By hypothesis, all of the mutual flux which has just 
been considered in connection with the P winding must 
also link the S winding. Hence, a voltage is induced in the 
S winding, which is expressed by Eq. (4), 


E,=4.44fmA Bmax X 107? volts. 
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If the circuit connected to the S winding is closed, a 
current, 7., flows and, in the manner already described in 
connection with the P winding, sets up a mutual and leak- 
age flux about the winding. The direction of this current 
is such that the mutual flux produced by it opposes that 
produced by the P winding and it, therefore, tends to 
nullify the flux in the core. Consideration of the energies 
involved shows that an additional component, /,’, must be 
added to the current in the P winding before the S winding 
is closed, such that the magnetomotive force acting on 
the magnetic circuit remains unchanged after S is closed. 
In other words, the resultant flux in the core produced by 
the combined action of the currents flowing in the P and S 
windings must equal the mutual flux present when the S 
winding is open. Therefore, 


M4Ie=Nl, —Nals, (5) 


remembering that the flux caused by J, is opposite that 
caused by Jp which accounts for the negative sign. In 
« well-designed transformer, the exciting current is small 
in comparison to the normal load current J’,, hence we can 
assume the total current, Z,, in the P winding to be equal 
to /’, and obtain 


e427, (6) 
Ne 


The leakage flux produced by J, induces a voltage in the 
S winding opposing that produced by the mutual flux. 
However, it is small as in the case of the P winding, and, 
if neglected along with the resistance drop, permits writing 
the relation between the P and S voltages as 


B= +E. (7) 
mM 


The seven equations developed above summarize the 
general relationships between the flux, the induced volt- 
‘ages, and the primary and secondary voltages and currents 
involved in transformer action. However, they are based 
on a number of assumptions that, in analyzing the opera- 
tion of the transformer or of the system to which it is con- 
nected, cannot always be made. A more rigorous develop- 
ment that takes into consideration the effects of exciting 
current, losses, and leakage fluxes is therefore required. 

Referring again to Fig. 1, and considering instantaneous 
currents and voltages, the classical equations for the 
coupled circuits are 


: di dis 
ep Retp+ Leo) —-M (8) 
ary : di. 
5 1h — a Ls— 
Mg, eee, 


where Rp and Rg are, respectively, the effective resistances 
of the primary and secondary windings: Lp and Lg are the 
self-inductances of the primary and secondary windings: 
and AM is the mutual inductance between the two windings. 
The positive direction of current flow in the two windings 
's taken such that the fluxes set up by the two currents 
Will be in opposition. 

The coefficients Lp, Ls, and M are not constant but vary 
With the saturation of the magnetic circuit!. As previously 
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stated, the total flux linking either winding can be divided 
into two components, a leakage flux whose path is wholly 
or partly in air and a mutual flux most of which lies in the 
iron core. Furthermore, the mutual coupling between cir- 
cuits must have an energy component to furnish the iron 
loss in the magnetic circuit. With the above considerations 
in mind the equivalent circuit representing the two coupled 
windings in Fig. 1 can be derived?. 

The equivalent circuit is shown in Fig. 2(a), where the 
mathematical artifice of an ideal transformer? is introduced 
to preserve actual voltage and current relationships at the 
terminals, and to insulate the two windings. The ideal 
transformer is defined as having no losses, no impedance 
drop, and requiring no exciting current. The ratio of 
transformation for the ideal transformer is NV, where 


n 
ee aoe (9) 
ny 
Tp Zz . Zs Ts 
a= e {IN = oq’ 
Ep Es 
(a) 
t 
Zs 
4 Ip Zp Ne IN Is a 
(b) 

‘ Ip Zes IN Is a’ 
“| I. 
(c) 

a mL Pe LN Zsp as. a! 
; \. 
(d) 

Ip pu Zps% Is p.u. ; 
0 COT 


Fig. 2—Equivalent circuits for two-winding transformer. 


(a) Equivalent circuit in ohms, with magnetizing current con- 
sidered. 

(b) Equivalent circuit in ohms, with all impedances on the primary 
voltage base. 

(c) Equivalent cireuit in ohms, with the magnetizing branch 
neglected. 

(d) Equivalent circuit in ohms, with the leakage impedance re- 
ferred to the secondary voltage base. 

(e) Equivalent circuit in percent. 
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The shunt resistance branch in Zy represents the iron 
losses and the shunt reactive branch (ita) provides a 
Neo 


path for the no load, or exciting current of the transformer. 
The variation in M during the cycle of instantaneous cur- 
rent and voltage variation is ignored, and a mean value is 


used. The branches, Zp = Rp ti Le a) and, Zs=Rs 


+io( L~“1) are essentially constant, regardless of in- 
ny 


stantaneous current variations, since their corresponding 
leakage fluxes lie mostly in air. Zp and Zs are components 
of the leakage impedance between the P and S windings 
such that 

Zes= Zeta: (10) 

Zps is defined as the leakage impedance between the P 
and S windings, as measured in ohms on the P winding 
with the S winding short-circuited. Actually it is not 
possible® to segregate Zps into two parts, Zp associated 
with the P winding and Zs associated with the S winding 
by any method of test; for example, Zp, the portion of 
Zps associated with the primary winding, varies with ex- 
citation and load conditions. It is customary, in many 
calculations involving the equivalent circuit, to make 

Zp= salam Mos - 

The ideal transformer can be shifted to the right, as in 
Fig. 2(b), to get all branches of the circuit on the same 
voltage base. Since the impedance of the shunt branch is 
large compared to Zps, it can be omitted for most calcula- 
tions involving transformer regulation, and the equivalent 
circuit becomes that of Fig. 2(c). A notable exception to 
those cases where the shunt branch can be disregarded is 
the case of the three-phase core-form transformer excited 
with zero-sequence voltages. This will be discussed in 
detail later. 

The form of the equivalent circuit given in Fig. 2(c) can 
be changed to show the leakage impedance referred to the 
secondary voltage, by shifting the ideal transformer*to 
the left, asin Fig. 2(d). For this condition Zsp, the leakage 
impedance between the P and S windings as measured in 
ohms on the S winding with the P winding short-circuited, 
is related to Zps as follows: 


s\2 
Zer=N*Zps=(") Zps ° 


(11) 


(12) 


The equivalent circuit using percentage impedances, 
percentage voltages, and currents in per unit is given in 
Fig. 2(e). Anideal transformer to maintain transformation 
ratios is not required. 


2. Transformer Vector Diagram 


The vector diagram illustrating the relationship between 
the terminal voltages, the internal induced voltages and 
the currents in the transformer of Fig. 1 can be drawn 
directly from the equivalent circuit for the transformer. 
This circuit is repeated in Fig. 3(a) and the various voltages 
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(b) 


Fig. 3—Equivalent circuit and corresponding vector diagram 
for two-winding transformer. 


and currents are identified there. The primary and second- 
ary leakage impedances Zp and Zg are shown separately, 
and the primary and secondary resistances Rp and Rs are 
also indicated. J, and J, represent the core-loss component 
and the magnetizing component respectively of the exciting 
current I,. The vector diagram in Fig. 3(b) is drawn for 
a 1:1 ratio of transformation and for a load of lagging power 
factor. The power-factor angles at the P winding terminals 
and the S winding terminals are designated in the diagram 
as Op and Og respectively. 


3. Transformer Impedances 


The turns ratio of a two-winding transformer determines 
the ratio between primary and secondary terminal volt- 
ages, when the transformer load current is zero. However, 
when load is applied to the transformer, the load current 
encounters an apparent impedance within the transformer j 
which causes the ratio of terminal voltages to depart from 
the actual turns ratio. This internal impedance consists 
of two components: (1) a reactance derived from the effect | 
of leakage flux in the windings, and (2) an equivalent 
resistance which represents all losses traceable to the flow | 
of load current, such as conductor J?R loss and stray ‘ 
eddy-current loss. 

Impedance drop is conveniently expressed in percent, 
and is the impedance-drop voltage expressed as a percent- ; 
age of rated terminal voltage, when both voltages are 
referred to the same circuit; in three-phase transformer ; 
banks, it is usually appropriate to refer both impedance- 
drop voltage and rated voltage to a line-to-neutral basis. j 
Percent impedance is also equal to measured ohmic im- | 
pedance, expressed as a percentage of “normal” ohms. ’ 
Normal ohms for a transformer circuit are defined as the 
rated current (per phase) divided into rated voltage (line- | 
to-neutral). 

Representative impedance values for distribution and 
power transformers are given in Table 1; for most purposes 
the impedances of power transformers may be considered 


d 
II. ELECTRICAL CHARACTERISTICS | 
| 
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TABLE 1— TRANSFORMER IMPEDANCES 


(a) Standard Reactances and Impedances for Ratings 
500 kva and below (for 60-cycle transformers) 


Rated-Voltage Class in kv 


2.5 15 25 69 
Single- 
Phase | Aver- | Aver-| Aver- | Aver- | Aver- | Aver- | Aver- | Aver- 
Kva age | age | age | age | age | age | age | age 
Rating*; Re- Im- | Re- Im- | Re- Im- | Re- Im- 
act- | ped- | act- | ped- | act- | ped- | act- | ped- 
ance | ance | ance | ance | ance | ance | ance | ance 


% | % | % | % | % % | % | % 


3 | 11 | 22 | 08 | 28 
jo | 15 | 22 | 43 | 24 | 44) Be 
2 | 20 | 25 | 17 |] 23 | 48 | 52 
50 | 21 | 24 | 21 | 25 | 49 | 52 | 63 | 65 
10 | 321 | 33 | 29 | 32 | 50 | 52 | 63 | 65 
500 | 47 1 48 | 49 1 50 | 514 | 52 | 64 | 65 


RY 
*For three-phase transformers use }4 of the three-phase kva rating, and enter 
table with rated line-to-line voltages. 


as equal to their reactances, because the resistance com- 
ponent is so small. The standard tolerances by which the 
impedances may vary are +7} percent of specified values 
for two-winding transformers and +10 percent for three- 
winding, auto, and other non-standard transformers. 

The percent resistance of transformers is less consistent 
iumong various designs than is the impedance, and though 
the curves in Fig. 4 show definite values for transformer 
resistance, considerable deviation from these figures is 
possible. 

‘Transformers can be designed to have impedances within 
closer tolerances than mentioned above, or impedances 
outside the normal range, but usually at extra cost. 

A guide to the impedances of three-winding transformers 
is given below (this guide does not apply to auto-trans- 
formers). 

(1) Select a kva base equal to the kva rating of the 


ERCENT RESISTANCE 


1000 2000 5000 10000. 20000 50000 
SINGLE-PHASE TRANSFORMERS KVA 
1000 2000 _ 4000 10000 _20000 40000 100000 


THREE~PHASE TRANSFORMERS KVA 


Fig. 4—Percent resistance of transformers, based on OA kva 
ratings. 
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TABLE 1—TRANSFORMER IMPEDANCES (Continued) 


(b) Standard Range in Impedances for Two-Winding 
Power Transformers Rated at 55 C Rise 


(Both 25- and 60-cycle transformers) 


Impedance Limit in Percent 
High- Low- 
Voltage Voltage Class 1 
Winding | Winding OA Class 
Insulation Insulation ow FOA 
Class Class OA/FA* FOW 
i ky OA/TA/FOA* 
Min. Max. Min. Max 
15 15 4.5 7.0 6.75 10.5 
25 15 5.5 8.0 8.25 12.0 
34.5 15 6.0 8.0 9.0 12.0 
25 6.5 9.0 9.75 13.5 
46 25 6.5 9.0 9.75 13.5 
34.5 7.0 10.0 10.5 15.0 
69 34.5 7.0 10.0 10.5 15.0 
46 8.0 11.0 12.0 16.5 
92 34.5 7.5 10.5 11.25 15.75 
69 8.5 12.5 12.75 18.75 
115 34.5 8.0 12.0 12.0 18.0 
69 9.0 14.0 13.5 21.0 
92 10.0 15.0 15.0 23.25 
138 34.5 8.5 13.0 12.75 19.5 
69 9.5 15.0 14,25 22.5 
115 10.5 17.0 15.75 25.5 
161 46 9.5 15.0 13.5 21.0 
92 10.5 16.0 15.75 24.0 
138 11.5 18.0 17.25 27.0 
196 46 10 15.0 15.0 22.5 
92 11.5 17.0 17.25 25.5 
161 12.5 19.0 18.75 28.5 
230 46 11.0 16.0 16.5 24.0 
92 12.5 18.0 18.75 27.0 
161 14.0 20.0 21.0 {| 30.0 


*The impedances are expressed in percent on the self-cooled rating of OA/FA and 
OA/FA/FOA 

Definition of transformer classes: 
QA—Oil-immersed, self cooled OW—Oil-immersed, water-cooled. 
OA/FA—Oil-immersed, self-cooled/forced-air-cooled. 
OA/FA/FOA—Oil-immersed, self-cooled/forced-air-cooled/forced oil cooled. 
FOA—Oil-immersed, forced-oil-cooled with forced air cooler. 
FOW—-Oil-immersed, forced-oil-cooled with water cooler. 


Note: The through impedance of a two-winding autotransformer can be 
estimated knowing rated circuit Pa AnSse by multiplying impedance obtained from 


this table by the factor (4 = 


HV 


largest capacity winding, regardless of voltage rating. All 
impedances will be referred to this base. 

(2) Select a percent impedance between the medium-volt- 
age and the high-voltage circuits (Zmn%), lying between 
the limits shown for two-winding transformers in Table 1. 

(3) The percent impedance between the medium-voltage 
and low-voltage circuits (Zui%) may lie between the limits 
of 0.35 (Zuu%) and 0.80 (Zuu%). Select a value of Zur% 
lying within this range. 


100 


(4) Having established Zun% and Zur%, the percent 
impedance between the high-voltage and low-voltage cir- 
cults (Zyi%) is determined as follows: 


Ju% = 1.10(Zuu%t+Zuir%) (13) 


When impedances outside the above ranges are required, 
a suitable transformer can usually be supplied but probably 
at increased cost. 


4. Regulation 


The full load regulation of a power transformer is the 
change in secondary voltage, expressed in percent of rated 
secondary voltage, which occurs when the rated kva output 


1 REGULATION CHART 
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PERCENT REGULATION FOR THE 
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at a specified power factor is reduced to zero, with the 
primary impressed terminal voltage maintained constant. 
Percent regulation can be calculated at any load and any 
power factor by an approximate formula: 


rated current 
(14) 


Regulation = | pr qe PE | coe 
where: 
“Regulation” is a percent quantity; 
r= percent resistance 
__load losses in kw, at rated kva 


100 
rated kva s 


CENT REACTANCE 
@ ~t 


wo 


4 PER 


Fig. 5—Chart for calculating regulation of transformers. 
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impedance kva 


rated kva at 


z= percent impedance = 


“= percent reactance =~/2?—;? 

p=cos 8 

q=sin 8 

@=power factor angle of load (taken as positive when 

current lags voltage). 

The full-load regulation of a transformer can be de- 
termined for any power factor from the chart in Fig. 5; 
this chart is based on Eq. (14). 


Typical regulation for three-phase transformers at full 
load and various power factors is shown in Table 2. These 


TABLE 2— APPROXIMATE REGULATION FOR 60-CYCLE 
THREE-PHASE TYPE OA TRANSFORMERS AT FULL LoaD 


I 


Insulation Lagging Percent Regulation 
Class Power 
by Factor 1000 10 000 100 000 
Percent, kva kva kva 
15 80 4.2 3.9 
90 3.3 3.1 
100 1.1 0.7 
34.5 80 5.0 4.8 
90 4.0 3.7 
100 1.2 0.8 
69 80 6.1 5.7 5.5 
90 4.9 4.4 4.2 
100 1.4 0.9 0.6 
138 80 7.7 7.2 7.0 
90 6.2 5.6 5.4 
100 1.8 1.2 0.9 
230 80 9.7 9.4 
90 7.6 7.3 
100 1.7 1. 


ne ch er ee 
Note: These figures apply also to OA/FA and OA/FA/FOA transformers, at 
loads corresponding to their OA ratings. 


figures also apply, but less accurately, to transformer 
banks made up of three single-phase transformers; in this 
case the table should be entered with the three-phase bank 
kva rating. 

The regulation of three-winding transformers can be 
calculated directly from transformer equivalent circuits, if 
the impedance branches and loading for each circuit are 
known. The regulation of four-winding transformers may 
also be calculated using formulas developed by R. D. 


Evans.4 

5. Definition of Efficiency 
The efficiency of a transformer, expressed in per unit, is 

the ratio of real power output to power input; 

Output _ ie Losses 


Effici = : 
aan Input Input 


(15) 


Total losses are the sum of the no-load losses and load 
losses, No-load losses are eddy-current loss, hysteresis 
loss, Z?R loss caused by exciting current, and dielectric 
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loss; that is, all losses incident to magnetization at full 
voltage with the secondary circuit open. Load losses are 
I?R loss caused by load current, eddy-current loss induced 
by stray fluxes within the transformer structure, and 
similar losses varying with load current. 

No-load losses are measured at rated frequency and 
rated secondary voltage, and can be considered as inde- 
pendent of load. Load losses are measured at rated fre- 
quency and rated secondary current, but with the second- 
ary short-circuited and with reduced voltage applied to 
the primary. Load losses can be assumed to vary as 
the square of the load current. 


6. Methods of Calculating Efficiency 


Conventional Method—This method is illustrated 
below for a transformer having 0.50 percent no-load loss 
and 1.0 percent load loss at full load. Percent no-load loss 
is determined by dividing the no-load loss in watts by 10 
times the kva rating of the transformer, and the percent 
load loss (total minus no-load) is determined by dividing 
the load loss in watts by 10 times the kva rating of the 
transformer. Note that the no-load loss remains con- 
stant regardless of the load whereas the load loss varies 
directly as the square of the load. 


Percent load........ 100.00 75.00 50.00 25.00 (1) 
Percent load loss.... 1.00 .562 25 .062 (2) 
Percent no-load loss.. .50 50 .50 .50 (3) 


Sum of (2) and (3).. 1.50 1.062 75 562 (4) 
Sum of (1) and (4).. 101.50 76.062 50.75 25.562 (5) 
Dividing 100 times 

(4) by (5)........ 1.48 1.40 1.48 2.20 (6) 
Subtract (6) from 100 98.52 98.60 98.52 97.80 (efficiency) 


Slide-Rule Method-——This method 
the same transformer. 


is illustrated for 


Percent load............008 100.00 75.00 50.00 25.00 (1) 
Percent no load loss........ .50 50 50 50 (2) 
Percent load loss........... 1.00 562 25 .062 (3) 
Sum of (2) and (8)......... 1.50 1.062 75 562 (4) 
Sum of (1) and (4)......... 101.50 76.062 50.75 25.562 (35) 


At this point the operations are continued on the slide 
rule, and are described here for the full load point only: 


1. Set 1.5 (sum of no-load and load losses) on D scale. 

2. Set 101.5 over this on the C scale. 

3. Now starting at the right end of scale D, read the 
first figure (i.e., 1) as 90, the next (i.e., 9) as 91, the 
next (i.e., 8) as 92, etc., until 98.52 is read under 
the left end (i.e., 1) of scale C. This 98.52 is the per- 
cent efficiency at full load. 


This procedure is repeated in a similar manner for other 
loads. 

Nors—If the sum of the percent no-load and load loss 
at full load is 1 percent or less, the first figure at the right 
end of D scale (i.e., 1) is read as 99 percent and the second 
figure (i.e., 9) is read as 99.1, the third figure (i.e., 8) is 
read as 99.2, etc. 

If the sum of the percent no-load and load loss is greater 
than 1 percent as in the case illustrated above, the right 
end is read as 90 percent. In calculating the values for the 
other points, judgment will indicate whether 90 or 99 is 
to be used as the first figure on the right end of scale D. 
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Chart Method—The chart in Fig. 6 may be used to Fe 1 
calculate transformer efficiency at various loads. The pro- L= ror VR (17) 
cedure is described in the caption below the chart. 
where: 
7. Loss Ratio and Product L=per unit kva load at which transformer operates 
Maximum operating efficiency for a transformer results most efficiently. k 
when the no-load (constant) losses equal the load (variable) Cu=load losses at rated load, kw. 
losses. This condition will likely occur at some load less Fe =no-load losses, kw. 
than rated kva: .__ load loss at rated load 
R=loss ratio= ——_______—_ 
CuxL?=Fe (16) no-load loss 
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Fig. 6—Chart for calculation of efficiency. Directions: A straight-edge placed between 
the known full load copper loss and iron loss points will give intercepts on the efficiency 
scales for various loads. 
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Fig. 7—Relation between transformer loss ratio and the most 
efficient loading. 


The relation between loss ratio and most efficient trans- 
former loading is shown in Fig. 7. The range through 


which loss ratio may vary in normal transformer designs is 
shown by Table 3. 


_ The product of percent no-load and load losses is a quan- 
lity that has become standardized to the extent that it is 
predictable with fair accuracy for large power transformers. 


TABLE 3 
Normal Limits of Loss Ratio, R 


Loss Ratio, R =(Cu/Fe) 
Voltage Class OA, OW FOA** 
kv OA/FA* FOW** 
OA/FA/FOA* 
Wand below..........0.0.. 1.75 to 3.25 1.4 to 2.4 
69 to 138, incl... eee 1.50 to 2.75 1.2 to 2.0 
Above 188.000.000.000 000s. 1.25 to 2.00 1.0 to 1.8 


Based on losses at OA rating. 
Based on losses at 60 percent of FOA or FOW rating. 


Vig. 8 shows typical values of the product of percent losses, 
ts a function of transformer size and voltage rating. To 
estimate values of no-load and load losses for a particular 
'ransformer rating it is first necessary to select values of 
loss ratio R and loss product P from Table 3 and Fig. 8. 


: es the respective loss values, in kilowatts, are given 
selow: 


kva |/P 


© 700 R’ (18) 
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PRODUCT OF PER CENT LOSSES | 


! 2 4 6 10 20 40 60 80 
TRANSFORMER RATING-MVA 
(a) SINGLE-PHASE 


TRANSFORMER RATING-~MVA 
(b) THREE~PHASE 


Fig. 8—Typical values of product of percent losses (percent 

full-load copper-loss times percent iron loss). For OA/FA 

or OA/FA/FOA units use OA rating to evaluate product. For 

FOA and FOW units use 60 percent of rated kva to evaluate 
product. 


Cua 8 VBR, kw. 


100 a9) 


where: 


. {Cu 
=| — ). 
E=loss ratio, ( =) 


P=product of the percent values of no-load and 


load losses, e =) . G- on) 
kva kva 


kva=transformer rating. 


8. Typical Efficiency Values 
Conventional transformer efficiency is given on the basis 
of losses calculated at (or corrected to) 75 degrees C and 


TABLE 4— APPROXIMATE VALUES OF EFFICIENCY FOR 60-CYCLE, 
Two-WINDING, OA, THREE-PHASE POWER TRANSFORMERS 


(Full load, unity power factor, at 75°C) 
Voltage Class 


kva 
15 kv 34.5 kv 69 kv 138 kv 161 kv 
2000 98.97 98.89 98.83 98.56 98.47 
10 000 99.23 99.22 99.17 99.12 99.11 
50 000 99.47 99.45 99 44 99.44 


Note: These figures apply also to OA/FA and OA/FA/FOA transformers, at 
loads corresponding to their OA ratings. 
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unity power-factor load unless otherwise specified. Table 4 
gives approximate values for 60-cycle power transformers 
at full load, unity power-factor, and 75 degrees C. 


III. TRANSFORMER CLASSIFICATIONS 
9. Forms of Construction. 


Core-form construction for single-phase transformers 
consists of magnetic steel punchings arranged to provide 
a single-path magnetic circuit. High- and low-voltage coils 
are grouped together on cach main or vertical leg of the 
core, as shown in Tig. 9. In general, the mean length of 
turn for the winding is comparatively short in the core- 
form design, while the magnetic path is long. 


Fig. 9—Core-form construction, 
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Shell-form construction for single-phase transformers 
consists of all windings formed into a single ring, with 
magnetic punchings assembled so as to encircle each side 
of the winding ring, as in Fig. 10. The mean length of turn 
is usually longer than for a comparable core-form design, 
while the iron path is shorter. 

In the design of a particular transformer many factors 
such as insulation stress, mechanical stress, heat distribu- 
tion, weight and cost must be balanced and compromised’, 
It appears that, for well-balanced design, both core-form 
and shell-form units have their respective fields of applica- 
bility determined by kva and kv rating. 

In the larger sizes, shell-form construction is quite appro- 
priate; the windings and magnetic iron can be assembled 


LLL INO INGLLL 
NS. MY WINDINGS 
SSS GGG WINGINESSSS 
CLL EM NOUNG LL} 


Fig. 10—Shell-form construction, 
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Fig. 11—Assembly of 15000 kva three-phase transformer, 
showing ‘‘form-fit’’ tank being lowered into position. 


on a steel base structure, with laminations laid in horizon- 
tilly to link and surround the windings. A close-fitting 
tunk member is then dropped over the core and coil assem- 
bly and welded to the steel base, completing the tank 
assembly and also securing the core to the base member. 
This “form-fit” construction is shown in Fig. 11; it is more 
compact than can be achieved by assembling a core form 
unit within a tank, and the flow of cooling oil can be 
directed more uniformly throughout the interior of the 
coil assembly. 


10. Comparison of Single-Phase and Three-Phase 
Units for Three-Phase Banks 


A three-phase power transformation can be accomplished 
either by using a three-phase transformer unit, or by inter- 
connecting three single-phase units to form a three-phase 
hunk. The three-phase unit has advantages of greater 
efficiency, smaller size, and less cost when compared with 
bank having equal kva capacity made up of three single- 
phase units. 

When three single-phase units are used in a bank, it is 
possible to purchase and install a fourth unit at the same 
loration as an emergency spare. This requires only 33 
percent additional investment to provide replacement ca- 
pacity, whereas 100 percent additional cost would be re- 
‘\uired to provide complete spare capacity for a three-phase 
‘unit. However, transformers have a proven reliability 
higher than most other elements of a power system, and 
for this reason the provision of immediately available spare 
Capacity is now considered less important than it once was. 

hree-phase units are quite generally used in the highest 
of Circuit ratings, with no on-the-spot spare transformer 
“apacity provided. In these cases parallel or interconnected 
Circuits of the system may provide emergency capacity, or, 
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for small and medium size transformers, portable sub- 
stations can provide spare capacity on short notice. 

If transportation or rigging facilities should not be 
adequate to handle the required transformer capacity as 
a single unit, a definite reason of course develops for using 
three single-phase units. 


11. Types of Cooling 


Basic types of cooling are referred to by the following 
designations.® 

OA—Oil-Immersed Self-Cooled—In this type of 
transformer the insulating oil circulates by natural convec- 
tion within a tank having either smooth sides, corrugated 
sides, integral tubular sides, or detachable radiators. 
Smooth tanks are used for small distribution transformers 
but because the losses increase more rapidly than the tank 
surface area as kva capacity goes up, a smooth tank trans- 
former larger than 50 kva would have to be abnormally 
large to provide sufficient radiating surface. Integral 
tubular-type construction is used up to about 3000 kva 
and in some cases to larger capacities, though shipping 
restrictions usually limit this type of construction at the 
larger ratings. Above 3000 kva detachable radiators are 
usually supplied. Transformers rated 46 kv and below 
may also be filled with Inerteen fire-proof insulating liquid, 
instead of with oil. 

The OA transformer is a basic type, and serves as a 
standard for rating and pricing other types. 

OA/FA—Oil-Immersed Self-Cooled/Forced-Air 
Cooled—This type of transformer is basically an OA unit 
with the addition of fans to increase the rate of heat trans- 
fer from the cooling surfaces, thereby increasing the per- 
missible transformer output. The OA/FA transformer is 
applicable in situations that require short-time peak loads 
to be carried recurrently, without affecting normal ex- 
pected transformer life. This transformer may be pur- 
chased with fans already installed, or it may be purchased 
with the option of adding fans later. 


Fig. 12—Installation view of a 25 000 kva, 115-12 kv, three- 
phase, 60 cycle, OA/FA transformer. 
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The higher kva capacity attained by the use of fans is 
dependent upon the self-cooled rating of the transformer 
and may be calculated as follows: 


For 2500 kva (OA) and below: 
kva (FA) =1.15 Xkva(OA). (20) 
For 2501 to 9999 kva (OA) single-phase or 11 999 
kva (OA) three-phase: 
kva (FA) =1.25xXkva (OA). (21) 
For 10000 kva (OA) single-phase and 12000 
kva (OA) three-phase, and above: 
kva (FA) = 1.333 Xkva (OA). (22) 
These ratings are standardized, and are based on a hot- 
test-spot copper temperature of 65 degrees C above 30 
degrees C average ambient. 

OA/FOA/FOA—Oil-Immersed Self-Cooled / Forced- 
Oil Forced - Air Cooled/Forced - Oil Forced - Air 
Cooled—The rating of an oil-immersed transformer may 
be increased from its OA rating by the addition of some 
combination of fans and oil pumps. Such transformers 
are normally built in the range 10000 kva (OA) single- 
phase or 12 000 kva (OA) three-phase, and above. In- 
creased ratings are defined as two steps, 1.333 and 1.667 
times the OA rating respectively. Recognized variations of 
these triple-rated transformers are the OA/FA/FA and the 
OA/FA/YFOA types. Automatic controls responsive to oil 
temperature are normally used to start the fans and pumps 
in a selected sequence as transformer loading increases. 

FOA—Oil-Immersed Forced-Oil-Cooled With 
Forced-Air Cooler—This type of transformer is intended 
for use only when both oil pumps and fans are operating, 
under which condition any load up to full rated kva may 
be carried. Some designs are capable of carrying excitation 
current with no fans or pumps in operation, but this is not 
universally true. Heat transfer from oil to air is accom- 
plished in external oil-to-air heat exchangers. 

OW—Oil-Immersed Water-Cooled—In this type 
of water-cooled transformer, the cooling water runs through 
coils of pipe which are in contact with the insulating oil of 
the transformer. The oil flows around the outside of these 
pipe coils by natural convection, thereby effecting the 
desired heat transfer to the cooling water. This type has 
no self-cooled rating. : 

FOW—Oil-Immersed Forced-Oil-Cooled Wit 
Forced-Water Cooler—External oil-to-water heat ex- 
changers are used in this type of unit to transfer heat from 
oil to cooling water; otherwise the transformer is similar 
to the FOA type. 

AA-—Dry-Type Self-Cooled—Dry-type transform- 
ers, available at voltage ratings of 15 kv and below, contain 
no oil or other liquid to perform insulating and cooling 
functions. 

Air is the medium which surrounds the core and coils, 
and cooling must be accomplished primarily by air flow 
inside the transformer. The self-cooled type is arranged 
to permit circulation of air by natural convection. 

AFA—Dry-Type Forced-Air Cooled—vThis type of 
transformer has a single rating, based on forced circulation 
of air by fans or blowers. 

AA/FA—Dry-Type Self-Cooled/Forced-Air Cooled 
—This design has one rating based on natural convection 
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and a second rating based on forced circulation of air by 
fans or blowers. 


IV. POLARITY AND TERMINAL MARKINGS 
12. Single-Phase Transformers 


Primary and secondary terminals of a single-phase trans- 
former have the same polarity when, at a given instant of 
time, the current enters the primary terminal in question 
and leaves the secondary terminal. In Fig. 13 are illustrated 


(b) °§ 
ADDITIVE POLARITY 


(a) 
SUBTRACTIVE POLARITY 


Fig. 13—Standard polarity markings for two-winding trans- 
formers. 


single-phase transformers of additive and subtractive po- F 


larity. If voltage is applied to the primary of both trans- 
formers, and adjacent leads connected together, H, to X, 


in Fig. 13(a) and A; to Xz in Fig. 13(b), a voltmeter across. 


the other pair of terminals [Hz and X, in Fig. 13(a) and 


Hz and X, in Fig. 13(b)] indicates a voltage greater than ; 


£, if the transformer is additive as Fig. 13(b), and less than 
E, if the transformer is subtractive as Fig. 13(a). 
Additive polarity is standard for all single-phase trans- 


formers 200 kva and smaller having high-voltage ratings $ 
8660 volts (winding voltage) and below. Subtractive po- ; 
larity is standard for all other single-phase transformers.® } 


13. Three-Phase Transformers 
The polarity of a three-phase transformer is fixed by 


the connections between phases as well as by the relative | 


locations of leads, and can be designated by a sketch 
showing lead marking and a vector diagram showing the 
electrical angular shift between terminals. 


The standard angular displacement between reference j 


phases of a delta-delta bank, or a star-star bank is zero 


degrees. The standard angular displacement between ref- | 


erence phases of a star-delta bank, or a delta-star bank, 
is 30 degrees. The present American standard for such 
three-phase banks is that the high-voltage reference phase 
is 30 degrees ahead of the reference phase on the low 


voltage, regardless of whether the bank connections are | 
star-delta or delta-star.6 The standard terminal markings : 


Ete, ede nate Coben ak llamada Pl 
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Hs ° ° Xz 
HIGH LOW 
votTtace He/° O/X, VOLTAGE 
H,j° o |x, 


He _— (a) TERMINAL MARKINGS Hp 


X2 Xe 


H H Hs 
H 3 ‘ 
i} Xx 


STAR-DELTA OR 
DELTA-STAR GONNEGTION 


DELTA-DELTA OR 
STAR-STAR CONNECTION 


(b) LINE-TO-NEUTRAL VOLTAGE VECTOR DIAGRAMS 


‘ig. 14—Standard polarity markings and vector diagrams for 
three-phase transformers. 


for a three-phase, two-winding transformer are illustrated 
in ig. 14. Also included are the vector diagrams for delta- 
delta, star-star, star-delta and delta-star connected trans- 
formers. The phase rotations are assumed to be H;-H.-H, 
and X\-Xo—-X3. 

lig. 15 summarizes the phase angles that can be obtained 
between high- and low-voltage sides of star-delta and delta- 


Egg LAGS Ey, BY 30° 


Fag LEADS Ex, BY 30° 


ag 


Fig. {5—Angular phase displacements obtainable with three- 
phase star-delta transformer units. 


star, three-phase transformers built with standard connec- 
Hons and terminal markings. In this Figure A, B, and C 
"epresent the three phases of the high-voltage system, 
Whereas a, b, and c represent the three phases of the low- 


Voltage system. Phase rotations A-B-C and a-b-c are 
assumed, 
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V. STANDARD INSULATION CLASSES 


14. Choice of Insulation Class 


The standard insulation classes and dielectric tests for 
power transformers are given in Table 5. The insulation 
class of a transformer is determined by the dielectric tests 
which the unit can withstand, rather than by rated operat- 
ing voltage. 

On a particular system, the insulation class of the 
connected power transformers may be determined by the 
ratings and characteristics of the protective devices in- 
stalled to limit surge voltages across the transformer 
windings. Ratings of the protective devices will in turn 
depend upon the type of system, its grounding connections, 
and some related factors. For example, when the system 
neutral is solidly grounded so that a grounded neutral (80 
percent) arrester can be used, an insulation level corre- 
sponding to the arrester rating may be chosen rather than 
an insulation level corresponding to the system operating 
voltage. Many transformer banks having a star-connected 
three-phase winding, with the neutral permanently and 
solidly grounded, have an impulse strength corresponding 
to a lower line-to-line classification than indicated in Table 
5 (See Chap. 18 for a more detailed discussion of this 
subject). 


15. Dielectric Tests 


The purpose of dielectric testing is to show that the 
design, workmanship, and insulation qualities of a trans- 
former are such that the unit will actually meet standard 
or specified voltage test limits. Below is a description of 
the various dielectric tests which may be applied to power 
transformers: 

(1) The standard impulse test consists of applying in 
succession, one reduced full wave, two chopped waves, and 
one full wave. 


(a) A full wave is a 1.5X40 microsecond wave, usually of 
negative polarity for oil-immersed transformers, or positive 
polarity for dry type, and of the magnitude given in 
Table 5. 

(b) A reduced full wave is a 1.540 microsecond wave, having 
a crest value between 50 and 70 percent of the full wave 
crest. 


(c) A chopped wave is formed by connecting an air gap to cause 
voltage breakdown on the tail of the applied wave. The 
crest voltage and minimum time to flashover are specified 


in Table 5. 


(2) The standard applied-potential test consists of apply- 
ing a low-frequency voltage between ground and the wind- 
ing under test, with all other windings grounded. The 
standard test voltage magnitude is listed in Table 5, and 
its specified duration is one minute. 

(8) The standard induced-potential test in general con- 
sists of applying between the terminals of one winding a 
voltage equal to twice the normal operating voltage of that 
winding. A frequency of twice rated or more is used for 
this test, so that the transformer core will not be over- 
excited by the application of double voltage. The duration 
of the test is 7200 cycles of the test frequency, but not 
longer than one minute. Commonly used test frequencies 
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TABLE 5—STANDARD INSULATION CLASSES AND DIELECTRIC 
TESTS FOR DISTRIBUTION AND POWER TRANSFORMERS 
(Taken from Table 11.030 ASA Standard C57.11-1948 for Transformers, Regulators and Reactors.) 
Impulse Tests 
Rated Voltage Between Terminals Low Frequency 
of Power-Transformers (a) Tests Oil-Immersed Transformers Oil-[mmersed Transformers 
500 kva or Less Above 500 kva 
Insula- 

t “ Full 7 Full 
tion Single-Phase 3-Phase Oil-Im- ao Chopped Wave Wave (e) Chopped Wave Wass te) 
Class mersed ° St ——= 

For Y- | For Delta- Type | LvPe(b Min Time Min Time 
: . Delta or Y- yP 
Connection | Connection to to 
Connected Kv Ky Ky Kv 
on 3-Phase | on 3-Phase Flash- ; Flash- 
q kv rms Crest Crest Crest Crest 
System (c) System (e) over over 

kv kv rms kv rms : kv rms | kv rms Microsec. Microsec. 

1.2 0.69 0.69 (d) 1.2 10 4 36 1.0 30 54 1.5 45 

2300" > £3.80.° |p, Bethe 2.5 15 10 54 1.25 45 oer woe 

5.0 2.89 2.89 (d) 5.0 19 12 69 1.5 60 88 1.6 75 

8.66 5.0 5.00 (d) 8.66 26 19 88 1.6 75 110 1.8 95 

15 8.66 15.0 15.0 34 31 110 1.8 95 130 2.0 110 
25.0 14.4 25.0 25.0 50 175 3.0 150 175 3.0 150 
34.5 19.9 34.5 34.5 70 230 3.0 200 230 3.0 200 
46.0 26.6 46.0 46.0 95 290 3.0 250 290 3.0 250 
69.0 39.8 69.0 69.0 140 400 3.0 350 400 3.0 350 
92 53.1 92 92 185 520 3.0 450 520 3.0 +450 
115 66.4 115 115 230 630 3.0 550 630 3.0 550 
138 79.7 138 138 275 750 3.0 650 750 3.0 650 
161 93.0 161 161 325 865 3.0 750 865 3.0 750 
196 113 196 196 395 1035 3.0 900 1035 3.0 900 
230 - 133 230 230 460 1210 3.0 1050 1210 3.0 1050 
287 166 287 287 575 1500 3.0 1300 1500 3.0 1300 
345 199 345 690 690 1785 3.0 1550 1785 3.0 1550 

Notes: (a) Intermediate voltage ratings are placed in the next higher insulation class unless otherwise specified. 
(b) Standard impulse tests have not been established for dry-type distribution and power transformers, Present-day values for impulse tests of such apparatus 


are as follows: 


1.2 kv class, 10 kv; 2.5 class, 20 kv; 5.0 class, 25 kv; 8.66 kv class, 35 kv; 15 kv class, 50 kv. These values apply to both chopped-wave and full- 


wave tests. 


(ce) 


Y-connected transformers for operation with neutral solidly grounded or grounded through an impedance may have reduced insulation at the neutral. When 


this reduced insulation is below the level required for delta operation, transformers cannot be operated delta-connected. 


(d) 


These apparatus are insulated for the test voltages corresponding to the Y connection, so that a single line of apparatus serves for the Y and delta applica- 


tions. The test voltages for such delta-connected single-phase apparatus are therefore one step higher than needed for their voltage rating. 


(e) 1.540 microsecond wave. 


are 120 cycles for 60-cycle transformers, and 60 cycles for 
25-cycle transformers. , 

Combinations and modifications of the tests described 
above are contained in transformer standard publications, 
for example ASA C57.22-1948, and these publications 
should be consulted for detailed information. 


16. Insulation Class of Transformer Neutrals 


Transformers designed for wye connection only with the 
neutral brought out may have a lower insulation level at 
the neutral than at the line end. The following rules are 
included as a guide in selecting the permissible neutral 
insulation level: 

(a) A solidly grounded transformer may have a mini- 
mum neutral insulation class in accordance with column 
2 of Table 6. 

(b) A transformer grounded through a neutral imped- 
ance must have a neutral insulation class at least as high 
as the maximum dynamic voltage at the transformer neu- 
tral during system short-circuit conditions. In no case 


should the neutral class be lower than that given in Column 
2, Table 6. 

(c) If the neutral of a transformer is connected to ground 
through the series winding of a regulating transformer, the 
neutral insulation class must be at least as high as the 
maximum raise or lower voltage (phase to neutral) of the 
regulating transformer. In no case should the neutral class 
be less than that given in Column 8 of Table 6. 

(d) A transformer grounded through the series winding 
of a regulating transformer and a separate neutral imped- 
ance shall have a neutral insulation class at least as high 
as the sum of the maximum raise or lower voltage (line 
to neutral) of the regulating transformer and the maximum 
dynamic voltage across the neutral impedance during sys- 
tem short-circuit conditions. In no case should the neutral 
insulation class be less than that given in Column 3 of 
Table 6. 

(e) If the neutral of a transformer is connected to ground 
through a ground fault neutralizer, or operated un- 
grounded but impulse protected, the minimum neutral 
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TABLE 6— MINIMUM INSULATION CLASS AT TRANSFORMER 
NEUTRAL 
(1) (2) (3) (4) 
Grounded 
Winding oan ae Grounded Through 
Insulation Th is h Through Ground Fault 
roug : ‘ . 
Class at Current Regulating Neutralizer or 
Line End Transformer Isolated but 
Transformer 
Impulse Protected 
1.2 
2.5 
5.0 Same as Line |End 
8.66 
15 8.66 8.66 8.66 
25 8.66 8.66 15 
34.5 8.66 8.66 25 
46 15 15 34.5 
69 15 15 46 
92 15 25 69 
115 15 25 69 
138 15 34.5 92 
161 15 34.5 92 
196 15 46 115 
230 15 46 138 
287 15 69 161 
345 15 69 196 


insulation class shall be in accordance with Column 4 of 
Table 6. 


VI. TEMPERATURE AND SHORT-CIRCUIT 
STANDARDS. 


17. Temperature Standards 


The rating of electrical apparatus is inherently deter- 
mined by the allowable operating temperatures of insu- 
lation, or the temperature rise of the insulation above 
ambient temperature. For transformers and voltage reg- 
ulators with Class A insulation, either air or oil cooled, 
the rating is based on an observable temperature rise (by 
resistance or thermometer) of 55 C above an ambient 
temperature at no time in excess of 40 C, and the average 
during any 24-hour period not exceeding 30 C. Trans- 
formers and other induction apparatus are designed to 
limit the hottest-spot temperatures of the windings to not 
more than 10 C above their average temperatures under 
continuous rated conditions. The limits of observable 
temperature rise for air-cooled transformers with Class B 
insulation is 80 C by resistance measurement. 


18. Short-Circuit Conditions 


A proposed revision to American Standard C57.12-1948 
(section 12.050) reads in part: 


“1. Transformers shall be capable of withstanding with- 
out injury short circuits on any external terminals, 
with rated line voltages maintained on all terminals 
intended for connection to sources of power, 
provided: ; 


(a) The magnitude of the symmetrical current in any wind- 
ing of the transformer, resulting from the external short 
circuit, does not exceed 25 times the base current of the 
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winding. The initial current is assumed to be com- 
pletely displaced from zero. 

(b) The duration of the short circuit is limited to the fol- 
lowing time periods. Intermediate values may be 
determined by interpolation. 


Symmetrical Current Time Period 


in Any Winding in Seconds 

25 times base current 2 

20 times base current 3 
16.6 times base current 4 
14.3, or less, times base current 5 


“2. Where kva is mentioned in paragraph 3 the following 
is intended: 
When the windings have a self-cooled rating, the kva 
of the self-cooled rating shall be used. When the 
windings have no self-cooled ratings, the largest kva 
obtained from the ratings assigned for other means 
of cooling by the use of the following factors shall 


be used: 
Type of Transformer Multiplying Factor 
Water-cooled (OW) 1.0 
Dry-Type Forced-Air-Cooled (AFA) 0.75 
Forced-oil-cooled (FOA or FOW) 0.60 


“3. For multi-winding transformers: 
The base current of any winding provided with ex- 
ternal terminals, or of any delta-connected stabiliz- 
ing winding without terminals, shall be determined 
from the rated kva of the winding or from not less 
than 35 percent of the rated kva of the largest, 
winding of the transformer, whichever is larger. 


“In some cases, the short-circuit current, as limited by 
transformer impedance alone, will exceed 25 times base 
current. It must be recognized that such cases can occur 
with transformers manufactured according to these stand- 
ards and that the transformers built under these standards 
are not designed to withstand such short-circuit current.” 

Under short-circuit conditions the calculated copper 
temperatures for power and distribution transformers shall 
not exceed 250 C where Class A insulation is used assuming 
an initial copper temperature of 90 C, or 350 C where 
Class B insulation is used assuming an initial copper 
temperature of 125 C. 


VII. TRANSFORMER TEMPERATURE-TIME 
CURVES 


19. Constant Load 


A “heat run” of a transformer on test is made to deter- 
mine the temperature rise of the various parts at rated 
load. If the test were made by applying only rated load, 
with the transformer at room temperature, thirty hours or 
more would be required before stationary temperatures 
were reached. Such a process would be quite inefficient of 
time, energy, and in the use of testing facilities. Accelerated 
heat runs are made by closing radiator valves, etc., and 
applying loads in excess of rated load until the expected 
temperatures are reached. Radiation restrictions are then 
removed, the load reduced to normal, and the test con- 
tinued until stable temperatures are reached. 
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It is evident that the temperature-time characteristics 
of a transformer cannot be obtained from the accelerated 
heat-run data. Information is secured from the heat run, 
however, which permits the temperatures to be calculated 
under assumed load conditions. Exact calculations are 
quite involved, but sufficiently accurate results can be 
obtained by the use of an approximate method due to 
S. B. Griscom for estimating the temperatures reached 
under variable load conditions, changing ambient tempera- 
tures, etc. Certain simplifying assumptions can be made 
that permit a quick estimate of the expected temperatures. 


Let L=transformer load in kva. 
W =total losses (in kw) at load L. 
Ty = final temperature rise at load L in degrees C above 
the temperature at t=0. 
M =thermal capacity in kw hours per degree C. 
k=radiation constant in kw per degree C. 
T =oil temperature rise in degrees C at time ¢t above 
the temperature at ¢=0. 
H=thermal time constant in hours. 
t= time in hours. 


If the heat radiated is directly proportional to the 
temperature rise of the transformer above the ambient, the 
radiation constant can be obtained from the heat run data 
for W and Try: 

he W 


Tr (23) 


where the temperature at ¢=0 is taken as ambient. 

Since the total heat generated is equal to the heat 
radiated plus the heat stored (heat consumed in raising the 
temperatures of the various parts) 


W=kT+Ma— (24) 
This equation can be solved for 7, giving 
W oat 
7-7 (iar) (25) 
or 
t 
r=1,(1-«7) (26) 
where 
== =the transformer time constant in hours. (27) 


This derivation may be broadened to show that Eq. 
(26) is equally correct for the case where the oil temper- 
ature rises T’ and 7'r are those above the temperature at 
t=0, whether the value then is the ambient temperature or 
otherwise. 

The foregoing discussion has been based on the assump- 
tion that the temperature throughout all parts of the trans- 
former is the same. This, of course, is not the case. When 
the transformer load is increased, the copper temperature 
is above that of the surrounding parts, and when the load 
is decreased, the copper tends to be more nearly the same 
temperature as the surrounding parts. Also, the top and 
bottom oil are at different temperatures. Eq. (26) is 
therefore commonly taken as referring to the top-oil 
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temperature rise, that is, 77 and 7'y are defined as before 
but refer to the top-oil specifically. Further, the final top- 
oil temperature rise 7'r is not directly proportional to the 
losses for all types of transformers as Eq. (23) would 
indicate, but is more correctly represented by the relation 


Tr= Teal; 


Ww 7 
eee 28 
Total loss at full cai) 28) 


where: 
m=0.8 for type OA transformers. 
=0.9 for type OA/FA transformers. 
=1.0 for type FOA transformers. 


Try =final top-oil temperature rise at full load in 
degrees C. 


The use of this relation when substituted in Eq. (23) 
indicates that for other than the type FOA transformer the 
radiation constant k'and the time constant H are not 
completely independent of load but vary according to a 
small fractional power of the total loss. However for con- 
venience in calculations this variation in k and Z is nor- 
mally overlooked and the values obtained from Equations 
(23) and (27) for the full load condition are taken as 
constant. The error introduced by the procedure is not 
large compared to that normally expected in transient 
thermal calculations. 

To determine the temperature rise curve for any load L 
therefore, the radiation constant * under full load condi- 
tions is first determined from the heat run data using 
Eq. (23). The thermal capacity M is dependent on the 
thermal capacities of the various parts of the transformer. § 
For convenience it can be assumed that the transformer { 
parts can be separated into three elements: the core and 4 
coils, the case and fittings, and the oil. Although the core 4 
and coils are of copper, iron, and insulation the specific 
heats of those elements do not vary widely. Since, also, 
there is a reasonably constant proportion of these elements 4% 
in different transformers, a single weighted coefficient of 4 
thermal capacity for the coils and core is warranted. The } 
following relation is accordingly suggested: 


1 : 
=—_0, . ] 
M i000 06 (wt. of core and coils) 


+0.04 (wt. of case and fittings) ae 
+0.17 (wt. of oil)] (29) j 


Here the coefficients of the last two terms are also weighted ' 
to make further allowance for the fact that all parts of the 
case and fittings and the oil are not at a uniform tempera- § 
ture. The values of * and M found as above may be } 
substituted in Eq. (27) to obtain H. The value of 7'p for j 
the desired load L is determined next by substitution of j 
heat run data in Eq. (28). The quantity W for the load L 
may be evaluated by the relation 


L 2 
W= | (sarees) X (full load copper loss) 


+-(no-load loss) (80) j 
The quantities H and Ty may now be substituted in Eq. 4 
(26) from which the top-oil temperature-rise curve may be } 
plotted directly. 
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For example, a 6000-kva, three-phase, self-cooled, 
24 000-5040 volt transformer has the following full load 
performance data as supplied by the manufacturer: 


Tron loss= 10 920 watts. 
Copper loss=43 540 watts. 
Total = 54 460 watts. 
Top-oil rise = 40 C (from heat-run test data). 
LV copper rise = 46.3 C. 
HV copper rise = 43.3 C. 
Wt. of core and coils =25 000 pounds. 
Wt. of case and fittings = 18 000 pounds. 
Wt. of oil=17 400 pounds. 


from this information the time constant H may be evalu- 
ated and the expression for T obtained for the load L equal 
to the rated load. 


_ W_54.46_ 


k aaa 1.36 kw per degree C. 
M= 10.0625 000-+0.04 18 000-+0.17X17 400] 
= 5.18 kw hours per degree C. 
M 5.18 
Sete AS Sr hours: 
if % 136 3.81 hours 


T= Tp(1—e/®) = 40(1— e381), 


The full load top-oil temperature rise curve shown in Fig. 
16 was calculated from this relation. 

To plot the top-oil temperature-rise curve for half-load 
conditions for this transformer the same time constant H 
is used as found above. 

From Eq. (28): 


Osa 4+ 10.822 
Tr=40 =19.2C. 
i ( 54.46 ey 


-t 
T= 19.2(1 _ ai), 


ns curve represented by this equation also appears in 
“ig. 16. 

The rise of the hottest-spot copper temperature above 
the top-oil temperature is known as the hottest-spot cop- 
bs gradient and at full load may be estimated from the 
relation 


Gat = GountA. 


where: 


(31) 


Gut) =hottest spot copper gradient at full load in 
degrees C. 
Gein) =apparent copper gradient at full load in 
degrees C. 
A= 10 C for type OA and OW transformers. 
=10C for type GA/FA transformers. 
=5 C for type FOA and FOW transformers 
with directed flow over coils. 


The apparent copper gradient at full load (Goi) is the 
ifference between the average copper temperature rise 
and the top-oil temperature rise, both of which are de- 
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Fig. 16—Top-oil temperature rise versus time, for a typical 
transformer. 


termined during the heat-run. The average copper tem- 
perature rise above ambient at full load is required by 
standards not to exceed 55 C for class A insulation. The 
use of that value to obtain the apparent copper gradient 
will generally lead to overly pessimistic results since the 
actual value of the average copper temperature rise is 
normally below the limit. Therefore it is advisable to use 
the value measured on the heat run and obtained from the 
manufacturer. 

For any load L, the hottest-spot copper gradient may be 
calculated from the relation 


Guay = Gan x( (32) 


TF; 1.6 
full load ma) 
From the performance data of the transformer previously 
cited: 


Ge tt) = 46.3 —40 =6.3 C for the LV winding. 
Guicty =6.3+10 = 16.3 C. 


The hottest-spot copper temperature for full-load is thus 
16.3 C above the top-oil temperature. For, say, half-load, 
Eq. (32) must be used to obtain 


Gu) = 16.8 X (0.5)'*=5.4 C. 


It is not feasible in a study of this kind to keep track of 
short time variations of copper or hottest-spot tempera- 
ture, and it is suggested if it is desirable to show roughly 
how this varies, a time constant of 15 minutes be used. 
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20. Variable Load Final Oil 
: . Temp. | Hottest- 
A step-by-step analysis using Eqs. (28) to (32) can be Final | ambient | Spot 
made to consider conditions of variable load, changing Load | Loss | Oil Rise | plus | Gradient 
ambient temperatures, etc. The method of approach is Time | Ambient) (mva) | Eq. (30) | Eq. (28) | final rise | Eq. (32) 
based on the fact that the initial rate of change of tempera- “j5 290 9 15.7 wie | 43.76 2. 8C 
ture is the slope of a line joining the initial and final tem- 2am! 29 9 15.7 14.7 43.7 28 
peratures, the two temperatures being separated by a time 4 28 2 15.7 14.7 42.7 2.8 
interval equal to the thermal time constant of the trans- 6 27 3 21.8 19.2 46.2 5.4 
former. As before T'r is calculated from heat run data and 8 29 4 30.2 24.9 53.9 8.5 
the total loss W for each load condition through the use of 10 31 5 41.1 31.9 62.9 12.2 
Eq. (28). The loss W is obtained from Eq. (30). The final 12 33 6 54.5 | 40.0 73.0 16.3 
top-oil temperature is then found by adding Ty to the  2?M| 35 6 54.5 | 40.0 75.0 16.3 
ambient temperature. Since the load is varying, the final . : fe Be i 7 3 a 
temperature cannot be reached for each load condition and , a rs oe 
F : 8 32 4 30.2 24.9 56.9 8.5 
the step-by-step analysis must be employed to obtain the 45 30 3 21.8 19.9 19.2 5 4 
top-oil temperature curve. Points on the hottest-spot 49 99 9 15.7 14.7 43.7 28 


temperature time curve may then be obtained by adding 
the hottest-spot copper gradient Gy for each load to the 
top-oil temperature at the time corresponding to the load 
for which the gradient was calculated. Gy is obtained in 
the same manner as previously outlined. 

To illustrate the step-by-step method, the oil tempera- 
ture-time curve for the 6000-kva transformer previously 
described will be calculated, starting with an oil tempera- 
ture of 55 C for an assumed load cycle as tabulated in the 
adjacent column. 

Figure 17 illustrates the use of the calculated data in the 
graphical step-by-step process to plot the curve of top-oil 
temperature with time and the manner in which the hottest- 
spot gradients are added to obtain the hottest-spot tem- 
perature-time curve. The accuracy can be increased by 
using shorter time intervals. 


VIII. GUIDES FOR LOADING OIL-IMMERSED 
POWER TRANSFORMERS 


21. General 


The rated kva output of a transformer is that load which . 
it can deliver continuously at rated secondary voltage | 
without exceeding a given temperature rise measured 
under prescribed test conditions. The actual test tempera- | 
ture rise may, in a practical case, be somewhat below the | 
established limit because of design and manufacturing | 
tolerances. 

The output which a transformer can deliver in service { 
without undue deterioration of the insulation may be more | 
or less than its rated output, depending upon the following | 

q 
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design characteristics and operating conditions as they 
exist at a particular time®: 


(1) Ambient temperature. 

(2) Top-oil rise over ambient temperature. 

(3) Hottest-spot rise over top-oil temperature 
(hottest-spot copper gradient). 

(4) Transformer thermal time constant. 

(5) Ratio of load loss to no-load loss. 


22. Loading Based on Ambient Temperature 


Air-cooled oil-immersed transformers built to meet es- 
tablished standards will operate continuously with normal 
life expectancy at rated kva and secondary voltage, pro- 
viding the ambient air temperature averages no more than 
30 C throughout a 24-hour period with maximum air 
temperature never exceeding 40 C. Water-cooled trans- 
formers are built to operate continuously at rated output 
with ambient water temperatures averaging 25 C and 
never exceeding 30 C. 

When the average temperature of the cooling medium is 
different from the values above, a modification of the trans- 
former loading may be made according to Table 7. In 


TABLE 7—-PERCENT CHANGE IN kva LOAD FOR EACH DEGREE 
CENTIGRADE CHANGE IN AVERAGE AMBIENT TEMPERATURE 
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Type of Cooling 


Air above 30 C avg. 
or 
Water above 25 C avg. 


Air below 30 C avg. 
or 
Water below 25 C avg. 


Self-cooled +1.0% per deg. C 


Water-cooled —1.5 +1.0 
Forced-Air-Cooled —1.0* +0.75* 
Forced-Oil-Cooled —1.0* +0.75* 


*Based on forced-cooled rating. 


cases where the difference between maximum air temper- 
ature and average air temperature exceeds 10 C, a new 
temperature that is 10 C below the maximum should be 
used in place of the true average. The allowable difference 
between maximum and average temperature for water- 
cooled transformers is 5 C. 


23. Loading Based on Measured Oil Temperatures 


The temperature of the hottest-spot within a power 
transformer winding influences to a large degree the de- 
terioration rate of insulation. For oil-immersed transform- 
ers the hottest-spot temperature limits have been set at 
105 C maximum and 95 C average through a 24 hour 
period; normal life expectancy is based on these limits. 
The top-oil temperature, together with a suitable tem- 
perature increment called either hottest-spot copper rise 
over top-oil temperature or hottest-spot copper gradient, is 
often used as an indication of hottest-spot temperature. 
Allowable top-oil temperature for a particular constant 
load may be determined by subtracting the hottest-spot 
Copper gradient for that load from 95 C. The hottest-spot 
Copper gradient must be known from design information 
for accurate results, though typical values may be assumed 
for estimating purposes. If the hottest-spot copper grad- 
tent is known for one load condition, it may be estima- 
ted for other load conditions by reference to Fig. 18. 
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Fig. 18—Hottest-spot copper rise above top-oil temperature 
as a function of load, for various values of full load copper rise. 
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Fig. 19—Loading guide based on top-oil temperature. 


(A) OA, OW, OA/FA types. 
(B) OA/FA/FOA, FOA, FOW types. 


A conservative loading guide, based on top-oil tempera- 
tures, is given in Fig. 19. 


24. Loading Based on Capacity Factor 


Transformer capacity factor (operating kva divided by 
rated kva) averaged throughout a 24-hour period may be 
well below 100 percent, and when this is true some com- 
pensating increase in maximum transformer loading may 
be made. The percentage increase in maximum loading 
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TABLE 8— PERMISSIBLE TRANSFORMER LOADING BASED ON 
AVERAGE PERCENT CAPACITY FACTORS* 


Type of Cooling 


Percent Increase 
Above Rated kva 
For each Percent By 


Maximum 
Percent 
Increase, 


Which Capacity Factor Regardless of 
Is Below 100 Capacity Factor 
Self-Cooled 0.5 25 
Water-cooled 0.5 25 
Forced-Air-Cooled 0.4 20 
Forced-Oil-Cooled 0.4 20 
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TABLE 9— PERMISSIBLE DAILY SHORT-TIME TRANSFORMER 
LOADING BASED ON NORMAL LIFE EXPECTANCY 


operating kva 


*Flere, percent capacity factor is equal to ————_-——_ 
is : - in rated kva 


100, averaged through- 


out a 24-hour period. 


as a function of capacity factor, based on a normal trans- 
former life expectancy, is given in Table 8. 


25. Loading Based on Short-Time Overloads 

Short-time loads which occur not more than once during 
any 24-hour period may be in excess of the transformer 
rating without causing any predictable reduction in trans- 
former life. The permissible load is a function of the aver- 
age load previous to the period of above-rated loading, 
according to Table 9. The load increase based on capacity 
factor and the increase based on short-time overloads can- 
not be applied concurrently; it is necessary to chose one 
method or the other. 

Short time loads larger than those shown in Table 9 
will cause a decrease in probable transformer life, but the 
amount of the decrease is difficult to predict in general 
terms. Some estimate of the sacrifice in transformer life 
can be obtained from Table 10(a) which is based on the 


Maximum Load In Per Unit of Transformer Rating™ 
; (©) 
Period of | OA, OW | ORAe | OA/PA/FOA,” 
Increased FOA 
Loading, Average Initial Load, In Per Unit of 
Hours Transformer Rating 
0.90| 0.70 |0.50/0.90/ 0.70 | 0.50/0.90 | 0.70! 0.50 
0.5 1.59}1.77) 1.89] 1.45/|1.58/1.68}1.36/1.47| 1.50 
1 1.40/1.54]1.60])1.31 11.38 1.504 1.24 1.31) 1.34 
2 1.24) 1.33) 1.371.19} 1.23 1.26) 1.14 1.18) 1.21 
4 1.12/1.17;)1.1911.11)1.13 1,151.09) 1.10] 1.10 
8 1.06 | 1.08] 1.081 1.06} 1.07} 1.07! 1.05} 1.06] 1.06 


(a) Ambient temperatures of 30C for air and 25C for water are assumed through- 
out this table. 

(b) Based on FA rating. 

{c) Based on FOA rating. 

(d) Use either average load for two hours previous to overload period, or average 
load for 24 hours (less the overload period), whichever is greater. 


theoretical conditions and limitations described in Table 
10(b). These conditions were chosen to give results con- 
taining some probable margin, when compared with most 
conventional transformer designs. For special designs, or 
for a more detailed check on some particular unit, the 
hottest-spot copper temperature can be calculated by the 
method shown in section 19, and the probable sacrifice in 
transformer life can then be estimated from Table 11. 


26. Limiting of Load by Automatic Control 


The loading of a transformer can be supervised by con- 
trol devices to insure that hottest-spot copper temperatures 


TABLE 10(a)—PERMISSIBLE SHORT-TIME TRANSFORMER LOADING, BASED ON REDUCED LIFE EXPECTANCY 


Following 50 percent or less of rated kva®™ | Following 100 percent of rated kva 

Type of Period of Increased Probable Sacrifice In Percent of Normal Life Caused By Each Overload 

Cooling Loading Hours 0.10 0.25 0.50 1.00 | 0.10 0.25 0.50 1.00 
Maximum Load In Per Unit Of Transformer Rating 

0.5 2.00 2.00 2.00 2.00 1.75 1.92 2.00 2.00 
OA 1.0 1.76 1.91 2.00 2.00 1.54 1.69 1.81 1.92 
or 2.0 1.50 1.62 1.72 1.82 1.35 1.48 1.58 1.68 
OW 4.0 1.27 1.38 1.46 1.53 1.20 1.32 1.40 1,48 
8.0 1.13 1.21 1.30 1.37 1.11 1.20 1.28 1.38 
24.0 1.05 1.10 1.15 1.23 1.05 1.09 1.15 1.23 
0.5 1.97 2.00 2.00 2.00 1.67 1.82 1.94 2.00 
1.0 1.66 1.79 1.90 2.00 1.47 1.60 1.71 1.81 
OA/FA® 2.0 1.39 1.51 1.59 1.68 1.29 1.41 1.50 1 58 
4.0 1.21 1.31 1.38 1.45 1.18 1 28 1.35 1.43 
8.0 1.11 1.19 1.26 1.33 1.10 1.18 1.26 1.33 
24.0 1.05 1.09 1.15 1.22 1.05 1.09 1.15 1.21 
0.5 1.78 1.92 2.00 2.00 1.56 1.70 1.80 1.90 
OA/FA/FOA“ 1.0 1.53 1.64 1.73 1.82 1.39 1.50 1.59 1.69 
or 2.0 1.32 1.42 1.49 1.57 1.26 1.36 1.43 1.51 
FOA 4.0 1.18 1.26 1.33 1.40 1.16 1.25 1.32 1.39 
8.0 1.10 1.17 1.24 1.31 1.10 1.18 1.24 1.31 
24.0 1.05 1.08 1.14 1.20 1,05 1,09 1.14 1.20 


(a) More basically, following a top-oil rise of 25 C f 
(b) More basically, following a top-oil rise of 45 C fo 
(ec) Based on the FA kva rating. 

(da) Based on the FOA kva rating. 


r OA and OA/FA transformers, or a 22 C rise for OA/FA/FOA and FOA units. 
r OA and OA/FA transformers, or a 40 C rise for OA/FA/FOA and FOA units. 
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TABLE 10(b)—CONDITIONS AND TRANSFORMER CHARACTERISTICS 
ASSUMED IN THE PREPARATION OF TABLE 10(a) 


OA OA/FA/FOA 
Ow OA/FA FOA 
FOW 
Hottest-spot rise (C) 65 65 65 
Top-oil rise (C) 45 45 40 
Time constant at full load 
(hours) 3.0 2.0 1.5 
Ratio of full load copper to iron 
loss 2.5 3.5 5.0 


Ambient temperature =30 C. 
Maximum oil temperature 
=100 C.* 
Maximum hottest-spot copper 
temperature = 150 C. 
Maximum short-time loading 
= 200 percent.” 


(a) Based on provision for oil expansion, and inert gas above the oil. 
(b) Short-time loading for one-half hour or more. Terminals or tap-changers 
might in some cases impose a limit lower than 200 percent. 


TABLE 11— PROBABLE SACRIFICE IN TRANSFORMER LIFE 
CauSsED By PROLONGED HoTTeEst-Spot COPPER TEMPERATURE 


Period of 0.10 0.25 0.50 1.00 
a High Temperature In Degrees Centigrade 
Temperature, To Sacrifice Not More Than The 

hours Above Percent of Normal Life 
0.5 132 142 150 
1.0 124 134 142 150 
2.0 117 126 134 142 
4.0 111 119 126 134 
8.0 105 112 119 126 
24.0 99 104 109 115 


ure always within a permissible range and duration. This 
control may be accomplished with a thermal relay respon- 
sive to both top-oil temperature and to the direct heating 
effect of load current. The thermostatic element of this 
relay is immersed in the hot transformer oil, and it also 
carries a current proportional to load current: in this way 
the temperature of the clement is geared to the total tem- 
perature that the transformer winding attains during oper- 
ution. The relay can be arranged to close several sets of 
contacts in succession as the copper temperature climbs 
With inereasing load: the first contacts to close can start 
fans or pumps for auxiliary cooling, the next contacts can 
warn of temperatures approaching the maximum safe limit, 
‘nd the final contacts can trip a circuit breaker to remove 
load from the transformer. 

Loading by copper temperature makes available the 
short-time overload capacity of a power transformer, so 
that emergency loads can be carried without interruption 
of power service, and so that peak loads can be carried 
Without the use of over-size transformers.’ The thermal 
relay can be coordinated with each transformer design to 
Which it is applied, and it can inherently follow unpre- 
dictable factors that affect permissible safe loading for a 
Particular installation. 
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Fig. 20—Single-line diagram of CSP power transformer. 


IX. THE COMPLETELY SELF-PROTECTED 
TRANSFORMER 


A power transformer design may include protective de- 
vices capable of preventing damage to the unit when it is 
subjected to electrical conditions that would probably 
damage conventional transformers. Also, standard switch- 
ing, metering, and voltage regulating functions may be 
included within a power transformer assembly. When 
these protective, switching, and metering features are all 
combined at the factory within a single unit, as indicated 
in Fig. 20, it may be designated a CSP power transformer. 

Lightning Protection—Coordinated arresters are in- 
stalled to protect both high- and low-voltage circuits from 
lightning or other voltage surges. 
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Fig. 21—Fully assembled 3000 kva, 33-4.16 kv CSP power 
transformer. 
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Fig. 22—Installation view of 1500 kva, 13.2-4.33 kv CSP power 
transformer. 


Internal Fault Protection—Fusible protective links 
of high interrupting capacity are connected between the 
high-voltage bushings and the winding, so that the supply 
circuit can be cleared from internal transformer faults. 

Overload Protection—A thermal relay, responsive to 
copper temperature (see section 26), operates to trip the 
secondary circuit breaker before damaging temperatures 
develop in the winding. 

Relaying—Overcurrent relays normally are provided in 
the low-voltage circuit to protect for secondary faults. 

Circuit Breaker—Load switching is accomplished by 
a circuit breaker in the low-voltage circuit of the trans- 
former. 

Voltage Regulation—Standard no-load taps are pro- 


lat 


‘Fig. 23—Portable substation rated 2000 kva, 72 000/24 000— 
2.5/4.33/5.0/7.5 kv, shown in operation at a substation site. 
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vided in the high-voltage winding. Tap-changing-under- 
load equipment for the secondary circuit may be built into 
the transformer housing. 

Metering—Watthour meters and ammeters are usually 
supplied for circuit metering. 

CSP transformers are available in kva ratings up to 
3000, primary voltages up to 69 kv, and secondary voltages 
up to 15 kv. The units may be used to supply distribution 
circuits from high-voltage lines in either industrial or elec- 
tric utility applications; if one unit is used individually on 
a radial circuit, a by-passing switch can be supplied across 
the low-voltage circuit breaker to permit withdrawal and 
maintenance of the breaker without a service interruption. 


X. AUTOTRANSFORMERS 
27. Two-Winding Autotransformer Theory 


The single-phase two-winding autotransformer contains 
a primary winding and a secondary winding on a common 
core, just as a conventional two-winding transformer does. 
However, in the autotransformer the two windings are 
interconnected so that the kva to be transformed by actual 
magnetic coupling is only a portion of the total kva trans- 
mitted through the circuit to which the transformer is 
connected. Autotransformers are normally rated in terms 
of circuit kva, without reference to the internal winding kva. 

The autotransformer circuit shown in Fig. 24 contains 


Fig. 24—-Circuit for a two-winding autotransformer. 


a primary winding P which is common to both low- and 


. high-voltage circuits, and a secondary winding S which is 


connected directly in series with the high-voltage circuit. 
Under no-load conditions, high-side circuit voltage £’, will 
be the sum of the primary and secondary winding voltages; 
low-side circuit voltage E, will be equal to the primary 
winding voltage. The relation between primary and sec- 
ondary winding voltages will depend upon the turns ratio 


between these windings. 


nm 
E+E, 
E,! ny No 
= =|]+—= 3 
E, E, Vas N (33) 
™m N-1 (34) 
mM 


Here N is the overall voltage ratio between high- and low- 


voltage circuits. 
When the transformer is carrying load current, the 
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primary ampere-turns should essentially balance the 
secondary ampere-turns (noting that I’,=Is): 


M1 p = Meols = nel,’ (35) 
IfJ= Ip (36) 
Ny 
EStepisel Cr ontesn ie 1. Ga 
Ny NM N-1 


The total circuit kva is given by H.X/J, or E,’ XI,’ 
(expressing voltages in kv), but the winding kva is given 


by E.XIp or (2) e.xt The ratio between winding 


p: 
kva (Up or Us) and circuit kva (Uc) is, referring to equa- 
tion (37) 


oe OE Ee (38) 


For example, an autotransformer rated 1000 kva, with a 


circuit voltage ratio of 22 kv to 33 kv | N == = 15) has an 
equivalent two-winding kva of 
Up= Us= Vem Ax 1000= 838 kva 


The reduced rating of transformer parts required in an 
autotransformer make it physically smaller, less costly, 
and of higher efficiency than a conventional two-winding 
unit for the same circuit kva rating. In the example just 
cited, the autotransformer would theoretically be only as 
large as a 333-kva conventional transformer, and this re- 
duced kva would in practice furnish a fairly accurate basis 
for estimating the cost of the 1000-kva autotransformer. 
Total losses in the autotransformer would be comparable 
to those in a 333-kva conventional transformer, so that 
cficiency based on circuit transmitted power would be 
quite high. 

An autotransformer will introduce series impedance, as 
well as current and voltage transformation, in the circuit 
where it is connected. The series impedance may be evalu- 
ated by referring to Fig. 25(a); here the low-voltage circuit 
terminals are short-circuited, so that the impedance meas- 
ured at the high-voltage terminals will be equal to the series 
circuit impedance attributable to the autotransformer. 
Note that the circuit in Fig. 25(a) is exactly the same as the 
circuit that would be used to measure the leakage impe- 
(lance if Zsp were defined as the ohmic impedance measured 
across the secondary winding with the primary winding 
short-circuited. A circuit providing correct circuit voltage 
and current ratios, and also correct through impedance, is 
shown in Fig. 25(b). Two conversions may now be made, 
the first to move the series impedance to the low-voltage 
side, and the second to express impedance in terms of Zps. 


J ] 
4e=H7i%s = yas: (39) 
Ne 2 
ip (=) Zes=(N—1)*Zrs. (40) 
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(a) DETERMINATION OF IMPEDANCE TEST 


2726p 


(b) EQUIVALENT OF TEST CIRCUIT 
n-i\? 
Zo? (4 Zps 


; 1IN 
— =—S 
Eg Ta To Es 


: n 
Nel +— = 
ny 


(c) CONVENTIONAL EQUIVALENT CIRCUIT 


Fig. 25—Equivalent circuits for a two-winding autotrans- 
former. 


From this, the conventional form of equivalent circuit is 
shown in Fig. 25(c), where 


N-1\? 
Z,= A) XZps. 


Sequence equivalent circuits for the three-phase two-wind- 
ing autotransformer are presented in the Appendix. 

The circuit impedance of an autotransformer is smaller 
than that of a conventional two-winding unit of the same 
rating, as is evident from Eq. (41). This low series im- 
pedance, though advantageous in its effect on transformer 
regulation, may allow excessive short-circuit currents 
during system fault conditions. Often the through imped- 
ance will be less than four percent based on the autotrans- 
former nameplate kva rating, which means that three- 
phase short circuit current could exceed the maximum 
of twenty-five times normal rated current for two seconds 
as permitted by standards. For this reason autotrans- 
formers, like voltage regulators, cannot always protect 
themselves against excessive fault current; reactors or 
other connected circuit elements may have to be relied on 
for this protection. 


(41) 
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28. The Three-Winding Autotransformer 

Three-phase autotransformers for power service are 
usually star-star connected with the neutral grounded, and 
in most of these cases it is desirable to have a third winding 
on the core delta-connected so as to carry the third har- 
monic component of exciting current. This winding could 
be very small in capacity if it were required to carry only 
harmonic currents, but its size is increased by the require- 
ment that it carry high currents during system ground 
faults. A widely used rule sets the delta-winding rating at 
35 percent of the autotransformer equivalent two-wind- 
ing kva rating (not circuit kva rating). 

Since it is necessary in most cases to have a delta-con- 
nected tertiary winding, it is often advantageous to design 
this winding so that load can be taken from it. This re- 
sults in a three-winding autotransformer with terminals to 
accommodate three external circuits. The equivalent cir- 
cuit for this type of transformer is given in section 59 of 
this chapter. 


29. Autotransformer Taps 

It is frequently necessary to place taps in the windings 
of an autotransformer to regulate either or both circuit 
voltages. It is not advisable to place taps adjacent to the 
line connections for voltages above 22 000 volts, because 
extra insulation is necessary on turns adjacent to the line 
terminals. If taps were placed at the ends of the winding, 
additional padding would be required throughout the 
tapped section. Furthermore, taps placed adjacent to the 
line, where the most severe voltage stresses occur, con- 
stitute a weakness that can be avoided by placing the taps 
in the middle of the winding as shown in Fig. 26. Taps 


NORMAL TAP ES 


/ 


Fig. 26—Autotransformer taps. 


may be placed in either the primary (common) winding, 
or in the secondary (series) winding, or in both windings: 
however, some tap combinations are more desirable than 
others, if the transformer materials are to be used most 
effectively. 

The low-side and high-side circuit voltages may be 
related, under no-load conditions, by an equation which 
takes account of both primary and secondary taps: 
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Bl =B,pebetag malty) +e 4 te) 
Mm+tin m+) 


m=turns on primary winding, not considering taps. 

m.=turns on secondary winding, not considering 
taps. 

t: =fractional part of 7; included in primary winding 
tap (+4n; indicates additional turns) 

t,=fractional part of ne included in secondary wind- - 
ing tap. (+én2 indicates additional turns). : 


a (42) 


If #, is assumed constant at 1.0 per unit based on normal ! 
rated low-side circuit voltage, three cases are possible: ; 
(1) Taps in secondary winding only: 


Bf =14+ +142 (43) 
Nn ny 


4 
1 
r] 
In this case the transformer volts per turn remain 
normal. The percent change in E,’ is: 


Ng 


NM MAN 


AE, =t, 100. (44) | 
MT Ne F 

(2) Taps in primary winding only: 
I (45) 


The transformer volts per turn are ( a) times their | 


1 
normal value. The percent change in EZ is: 


: 
! 
| 


AE! = — ty Ne 
i I+h m+n, 
(3) Taps in both primary and secondary windings: 
2, tam i No 
Ries? 47) | 
oa 1 +t, Ny ( ) 


As in case (2), the transformer volts per turn are ; 
1 
ca) 


EZ is 


times their normal value. The percent change in 


bo— ty Ne 
AE, =—— X———— 
F nea 
If E/ is assumed constant at 1.0 per unit based on normal 
rated high-side circuit voltage, and £, is allowed to vary, 
three more cases are possible: 
(4) Taps in secondary winding only: 


100. (48) j 


Ny Ny Nate 


E,= _ 49 
Mtn, mtn m+m(l+t) “) 


M+Ne : 
The transformer volts per turn are ae) times 
e (oe 
their normal value. 


The percent change in E, will be: 


AR i100: 50) | 
4A oni o) ( 
(5) Taps in primary winding only: 
| pa ee ae Rec ae. ae — (51) 
Mtr Mtn milth)+n 
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Transformer volts per turn are ( atta 


their normal value. 
The percent change in FE, is: 


Ne 
a | f 2 
oe eet) Eee on (52) 
(6) Taps in both primary and secondary: 
ER, my m1 Ny(ti — te) (53) 


a en m(1+t) +m(1+é) 


Transformer volts per turn are (an) 
m(1+t) +17e(1+h) 
times their normal value. The percent change in E, is: 
Set eee 00. 
m(l+h)+m(l+t) 


If the transformer were designed for constant volts per 


AE, (54) 


2 


AE,=X 100. (55) 


It is often advisable to specify a tap combination which 
will allow the autotransformer to operate at practically 
constant volts-per-turn, regardless of tap position. As 
indicated in some of the eases above, a tap change in 
only one winding may be less effective than would normally 
be anticipated, because of the nullifying effect of the 
necompanying change in volts-per-turn. Also, a significant 
increase in volts-per-turn at some tap setting would be 
veflected in a magnetic core of larger size than otherwise 
necessary. 


turn («= =i), then the percent change in £, would be: 
n 


30. Autotransformer Operating Characteristics 


An autotransformer inherently provides a metallic con- 
nection between its low- and high-voltage circuits; this is 
unlike the conventional two-winding transformer which 
isolates the two circuits. Unless the potential to ground 
of cach autotransformer circuit is fixed by some means, 
the low-voltage circuit will be subject to overvoltages 
originating in the high-voltage circuit. These undesirable 
elfects can be minimized by connecting the neutral of the 
‘uitotransformer solidly to ground. If the neutral of an 
‘utotransformer is always to be grounded in service, an 
induced potential shop test is more appropriate than an 
applied potential test, because it represents more closely 
the field operating conditions; building a grounded auto- 
transformer to withstand a full-voltage applied potential 
test would not be economical because of the excess insula- 
tion near the neutral. 

To summarize the preceding discussion, the autotrans- 
former has advantages of lower cost, higher efficiency, and 
better regulation as compared with the two-winding trans- 
lormer; it has disadvantages including low reactance which 
May make it subject to excessive short-circuit currents, the 
irrangement of taps is more complicated, the delta tertiary 
may have to carry fault currents exceeding its standard 
rating, the low- and high-voltage circuits cannot be iso- 
uted, and the two circuits must operate with no angular 
Phase displacement unless a zig-zag connection is intro- 
duced. The advantages of lower cost and improved effi- 
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Cc 


(a) STAR~DELTA 
GROUNDING~ TRANSFORMER 


(b) INTERCONNECTED —-STAR 
GROUNDING TRANSFORMER 
WINDINGS DRAWN PARALLEL 
ARE ON THE SAME CORE 


(c) SCHEMATIC WINDING ARRANGEMENT OF AN INTER- 
CONNECTED-STAR GROUNDING TRANSFORMER OF THE 
THREE-PHASE GORE-FORM CONSTRUCTION 


(d 


~ 


EQUIVALENT CIRCUIT OF AN INTERCONNECTED-STAR 
GROUNDING TRANSFORMER 


Fig. 27—Star-delta and zig-zag grounding transformers. 
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ciency become less apparent as the transformation ratio 
increases, so that autotransformers for power purposes are 
usually used for low transformation ratios, rarely exceeding 
2 to l. 


XI. GROUNDING TRANSFORMERS 


A grounding transformer is a transformer intended solely 
for establishing a neutral ground connection on a three- 
phase system. The transformer is usually of the star-delta 
or interconnected-star (zig-zag) arrangement as shown in 
Fig. 27. 

The kva rating of a three-phase grounding transformer, 
or of a grounding bank, is the product of normal lzne-to- 
neutral voltage (kv) and the neutral or grownd amperes that 
the transformer is designed to carry under fault conditions 
for a specified time. A one-minute time rating is often used 
for grounding transformers, though other ratings such as 
those suggested in AINE Standard for “Neutral Grounding 
Devices” (No. 32, May 1947) can be specified depending 
upon the probable duty to be imposed on the unit in 
service. 

Rated voltage of a grounding transformer is the line-to- 
line voltage for which the unit is designed. 

When operated at rated three-phase balanced voltage, 
only exciting current circulates in the windings of a ground- 
ing transformer. Current of appreciable magnitude begins 
to flow in the grounding circuit only when a fault involving 
ground develops on the connected system. 

Grounding transformers, particularly the zig-zag type, 
normally are designed so that rated neutral current flows 
when a solid single-line-to-ground fault is applied at the 
transformer terminals, assuming supply voltage to be fully 
maintained. Thisis equivalent to 100-percent zero-sequence 
voltage impressed at the transformer terminals resulting in 
the circulation of rated neutral current. Transformers so 
designed are said to have 100-percent impedance based on 
rated kva and rated voltage. 

Sometimes a resistor or other impedance is connected 
in the transformer neutral, and in these cases it may be 
desirable to specify that the grounding transformer shall 
have less than the conventional 100 percent impedance. 
Equivalent circuits for star-delta and zig-zag grounding 
transformers with external neutral impedance are includ- 
ed in the Appendix. 

Because a grounding transformer is a short-time device, 
its size and cost are less than for a continuous duty trans- 
former of equal kva rating. The reduced size can be estab- 
lished in terms of an “equivalent two-winding 55 C kva” 
U, by applying a reduction factor K to the short-time 
rated kva of the grounding transformer, and this reduced 
kva can be used for a price estimate. 


U,.= Uc XK; for a three-phase grounding unit. (56) 

U,=3Ua XK; for a bank of single-phase grounding 

units (57) 
where 

U,.= equivalent two-winding 55 C kva, three-phase. 

Ug = (line-to-neutral kv) X (rated neutral amperes). 


Values for K are listed in Table 12 for various types and 
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Table 12—“K”’ Factors FOR DETERMINING EQUIVALENT 
TWO-WINDING 55 C KVA OF GROUNDING TRANSFORMERS* 


4 
iH 
4 
4 
4 


StarcDalta Zig-Zag Connection i 
Time Connec | 
i ~ 12.4 to | 23 to 

Rating tion |i3.8 kviga.5 kv| 46 k¥ | 69 kv | 92 kv : 
% 
Ks, For A Three Phase Unit i 
10 seconds | ...... 0.064 | 0.076 | 0.080 | 0.085 | 0.092 i 
1 minute 0.170 0.104 | 0.110 | 0.113 | 0.118 | 0.122 3 
2 minutes 0.240 0.139 | 0.153 | 0.160 | 0.167 | 0.174 i 
3 minutes 0.295 0.170 | 0.187 | 0.196 | 0.204 | 0.212 
4 minutes 0.340 | 0.196 | 0.216 | 0.225 | 0.235 | 0.245 | 
5 minutes 0.380 0.220 | 0.242 | 0.253 | 0.264 | 0.275 4 
7 2 _ ¥ 
Ki, For A Single Phase Unit (One of three in a bank) 4 
1 minute 0.057 0.033 | 0.037 | 0.040 | 0.043 | 0.046 ; 

2 minutes 0.080 0.046 | 0.051 | 0.055 | 0.060 | 0.064 
3 minutes 0.098 0.057 | 0.064 | 0.068 | 0.074 | 0.080 § 
4 minutes 0.113 0.065 | 0.073 | 0.078 | 0.084 | 0.091 | 
5 minutes 0.127 0.073 | 0.082 | 0.088 | 0.095 | 0.102 | 
*These values are calculated on the basis that the initial average winding tem- j 
perature is not over 75C, that the heat from load losses is all stored in the trang- A 
former, and that the final temperature will not exceed values permitted by stand- q 
ards. The values are applicable only for grounding transformers designed to have j 
100 percent impedance. i 
classes of grounding transformers; the table includes values j 


for both three-phase and single-phase units, though the 
single-phase type is uncommon. 

Conventional power transformers may be connected to 
serve solely as grounding transformers, but the current and $ 
time ratings for grounding service are open to question 
depending upon the form and details of construction. When 
these modified ratings are desired, they should be obtained | 
from the transformer manufacturer. 

Star-Delta Impedances—The impedance to zero-. 
sequence currents in each phase of a solidly-grounded star- 
delta grounding bank made up of single-phase units is! 
equal to Zps, the ohmic leakage impedance between one j 
primary (star) winding and the corresponding secondary 
(delta) winding: 


4 


rs Mbiarbsrihittes: 


a 


Zo i Zps (58) 3 
Percent zero-sequence impedance is normally expressed in 
terms of short-time kva and line-to-line voltage: 


_ZesXUa 
t= FOX kev 


In a three-phase star-delta grounding transformer Z) may 
be smaller than Zpg by an amount depending on the form 
of core construction: a typical ratio of Zo to Zps is 0.85, 
though variation from this value for different designs 
is likely. 

Zig-zag Impedances—The impedance to zero- 
sequence currents in each phase of a solidly grounded 
zig-zag bank can be derived on a theoretical basis by 
reference to Fig. 27(d). ; 


(59) 


Eo=IbXZes—eptep. (60) 
Eo _7.=Zes (61) 
Io 


Percent zero-sequence impedance for the zig-zag connec- 
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tion is normally expressed in terms of short-time kva and 
jine-to-line voltage: 


20% = 10Xkv? 


(62) 


XII. TAP CHANGING UNDER LOAD 


The modern load tap changer had its beginning in 1925. 
Since that time the development of more complicated 
transmission networks has made tap changing under load 
more and more essential to control the in-phase voltage of 
power transformers, and in other cases to control the phase 
angle relation. Tap-changing-under-load equipment is ap- 
plied to power transformers to maintain a constant second- 
ary voltage with a variable primary voltage; to control the 
secondary voltage with a fixed primary voltage; to control 
the flow of reactive kva between two generating systems, 
or adjust the reactive flow between branches of loop cir- 
cuits; and to control the division of power between branches 
of loop circuits by shifting the phase-angle position of 
transformer output voltages. 

Various types of tap-changing equipment and circuits 
are used depending upon the voltage and kva and also 
upon whether voltage or phase angle control is required. 
Under-load-tap-changers are built for 8, 16, and 32 steps, 
with the trend in recent years being toward the larger 
number of steps so as to give a finer degree of regulation. 
The usual range of regulation is plus 10 percent and minus 
10 percent of the rated line voltage, with plus and minus 
7! percent and plus and minus 5 percent being second and 
third, respectively, in popularity. The 32 step, plus and 
minus 10 percent, tap-changing-under-load equipment has 
such wide acceptance as to be considered standard for 
many types of transformers. 


7 PREVENTIVE AUTO TRANSFORMER 


SELECTOR SWITCHES 
SEQUENCE OF OPERATION 


O= SWITCH CLOSED 


Fig. 28—Seventeen position, single-phase, Type UT tap 
changer. 
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31. The UT Mechanism 

Figure 28 illustrates schematically the operation of the 
type UT mechanism for changing taps under load. Taps 
from the transformer winding connect to selector switch- 
es 1 through 9. The selector switches are connected to 
load transfer switches R, S, and T. The connections for 
the tap changer positions are shown on the sequence 
chart of Fig. 28. The sequence of switching is so coordi- 
nated by the tap changing mechanism that the transfer 
switches perform all the switching operations, opening 
before and closing after the selector switches. All arcing 
is thus-restricted to switches FR, S, and T, while switches 
1 to 9 merely select the transformer tap to which the load 
is to be transferred. 

When the tap changer is on odd-numbered positions, the 
preventive auto-transformer is short-circuited. On all even- 
numbered positions, the preventive auto-transformer 
bridges two transformer taps. In this position, the rela- 
tively high reactance of the preventive auto-transformer 
to circulating currents between adjacent taps prevents 
damage to the transformer winding, while its relatively 
low impedance to the load current permits operation on 
this position to obtain voltages midway between the 
transformer taps. 


32. The UNR Mechanism 


Fig. 29 shows schematically the diagram of connections 
and sequence of operations of the type UNR tap changer. 
The operation of the selector and transfer switches is ex- 
actly as described for the type UT tap changer. But the 
type UNR tap changer also has a reversing switch which 
reverses the connections to the tapped section of the 
winding so that the same range and number of positions 


REVERSING SWITCHES 


( 


PREVENTIVE AUTOTRANSFORMER 


TRANSFER 
SWITCHES 


SELECTOR SWITCHES 


SEQUENCE OF OPERATION 


[Position] [213 [4] 16]? 8 [9 foln|alishiaispel7 
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O=SWITGH CLOSED 


Fig. 29—Seventeen position, single phase, Type UNR tap 


changer. 
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can be obtained with one-half the number of tap sections, 
or twice the range can be obtained with the same number 
of taps. The reversing switch is a close-before-open switch 
which operates at the time there is no voltage across 
its contacts. 


33. The URS Mechanism 


The type URS load tap changer is applied to small power 
transformers and large distribution transformers. The 
transfer switches are eliminated, and each selector switch 
serves as a transfer switch for the tap to which it is con- 
nected. The schematic circuit diagram and operations 
sequence chart is shown in Fig. 30. 


REVERSING SWITCH—~» 


O=SWITCH CLOSED 


Fig. 30—Thirty-three position, single-phase, Type URS tap 
changer. 


Physically, the stationary selector switch contacts are 
arranged in circles, one for each phase. The moving sé- 
lector switch contacts, as they rotate about a center shaft, 
both select the taps and make contact with them. The 
reversing switch operates when the selector switches are 
on position 17, at which time there is no current through 
the reversing switches and therefore no arcing on them. 

The URS tap changer, like the other load tap changers, 
can be equipped for hand operation, remote manual opera- 
tion, or for full automatic operation under the control 
of relays. 


XIII. REGULATING TRANSFORMERS FOR 
VOLTAGE AND PHASE ANGLE CONTROL 


Consider two systems A and B in Fig. 31 connected by a 
single transmission circuit. A and B may both be generat- 
ing units, or one of them may be a generating unit and the 
other a load. Should A generate 10 000 kilowatts in excess 
of its own load, there can be but one result, the 10 000 
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Fig. 3i—Power interchange between systems: 


(a) Two systems with tic. 

(b) Vector diagram of voltages during interchange of power. 

(c) Introduction of an in phase voltage, BC, to correct for exces- 
sive voltage drop. 


kilowatts must go over the tie line to B. An increase in 
generator output by A must be accompanied by a corres- 
ponding decrease in output (increase in input) by B if there 
is to be no change in system frequency. The transmission 
of power from A to B results in a difference in magnitude 
between terminal voltages and also a shift in phase angle, 
as illustrated in Fig. 31 (b). AO is the terminal voltage at 
A, BO is the terminal voltage at B, AB is the vectorial volt- 
age drop from A to B, created by the flow of load current J, 
and @ is the phase-angle difference between terminal volt- 
ages. In actual practice the phase angle is not always appa- 
rent, but thedrop in voltage, AB’, is often objectionable. An 
attempt to maintain satisfactory terminal voltages at A 
and B will often result in undesirable circulation of reactive 
kva between the systems. The flow of power from A to B, 
or vice versa, is determined by the governor settings. The 
flow of reactive power over the interconnecting line is 
determined by the terminal voltages held by the machine 
excitations at A and B. Excessive voltage drop between 
the systems can be readily corrected by transformer taps 
of a fixed nature or by tap-changing equipment, introduc- 
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Fig. 32—Regulating transformer for voltage control: 
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ing an in-phase voltage, BC, to compensate for the voltage 
drop and bring the terminal voltage at B to a desired value. 
Figure 32 is a simplified sketch of a regulating transformer 
for voltage control, using an exciting autotransformer with 
automatic tap changing equipment indicated by the arrows. 

Consider three systems interconnected with each other 
so that the interconnections from A to B, from B to C, and 
from C to A form a closed loop, as in Fig. 33 (a). An 


(a) (C) 
Cc 
4 A 
8 B 
ce] ie) 
(b) (c) : 
Fig. 33—Power interchange with three interconnected 
systems. 


entirely new element enters, and adjustment of governors 
will not entirely control the flow of power over any one 
of the interconnecting lines. An attempt to adjust load on 
ithe tic between two systems results in a change of load on 
the other two tie lines. With the tie line from B to C open, 
and with power transmitted from A to B, the terminal 
voltages of A and C will be equal and in phase, with no 
power being transmitted from A to C, or vice versa (see 
liz. 33 (b)). There now exists between B and C a difference 
in voltage and a difference in phase angle. If the tie line 
between B and C is closed under these conditions there is a 
redistribution of power flow between A and B, a part going 
over the line from A to B, and a part of the power going 
from A to B over the lines A-C and C-B (see Fig. 33 (c)). 
The distribution of power, both kw and reactive kva be- 
tween the various lines is determined solely by the relative 
impedances of the interconnecting lines. 

If at the time of closing B-C an adjustment of trans- 
former taps were made, or a regulating transformer for 
voltage control were inserted in the loop, it would be 
Possible to make the voltage at C equal in magnitude to 
that at B but it would not have the same phase relation- 
ship. There would still be a flow of power from A to C 
ind from C to B. 

Conditions similar to that just described occur on inter- 
connected systems involving loop circuits. To control the 
“rculation of kw and prevent overloading certain lines it 
Is often necessary to introduce a quadrature voltage, any 
Place in the loop, by the use of a regulating transformer 
for Phase-angle control. This differs from the usual star- 
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delta power transformation in that the angle of phase shift 
of current and voltage is not fixed but depends on the 
tap position. Figure 34 is a schematic diagram of a typical 
regulating transformer for phase angle control. 


Fig. 34 Regulating transformer for phase-angle control. 


In general the distribution of real power flow over the 
various interconnections found in loop circuits can be con- 
trolled by regulators for phase-angle control. The flow of 
reactive kva can be controlled by regulators for voltage 
control. The preceding statements follow from the fact 
that transmission-circuit impedances are predominantly 
reactive. The voltage regulator introduces a series in-phase 
voltage into the loop, and quadrature current (reactive 
kva) is circulated around the loop since the impedances 
are reactive. The regulator for phase-angle control intro- 
duces a quadrature series voltage in the loop resulting in 
the flow of currents lagging the impressed voltage by nearly 
90 degrees, or the circulation of in-phase currents (kw). 

For the case of correcting the voltage for line drop, a 
simple voltage control equipment can be used. This simply 
adds or subtracts a voltage in phase with the system volt- 
age. For the case of phase-angle control, the equipment 
can be identical except the voltage selected to add or sub- 
tract is in quadrature. As the earlier discussion showed, 
there are cases where both voltage and phase angle control 
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Fig. 35—Regulating transformer for independent phase-angle 
and voltage control. 
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Fig. 36—Regulating transformer for voltage control, rated 
20 000 kva, 12.47 kv, plus or minus 10 percent. 


are required. There are a number of combinations of con- 
nections to accomplish this, one of them being shown in 
Fig. 35. Where the voltage and phase angle bear a close 
relation, one mechanism may suffice. However, where com- 
pletely independent control is desired, two mechanisms 
with two regulating windings and one series winding, or 
with one regulating winding and two series windings are 
necessary. If it is desired to close the loop, and the flow 
of both real and reactive power over the various lines 
forming the loop must be controlled, the economical loca- 
tion for the control equipment is at the point of lowest 
load to be transferred. This may dictate the location in a 
loop, unless when in tying several companies together the 
boundary between systems determines the location. The 
voltage to be added or the phase-angle shift that must 
be obtained can be determined by calculation, considering 
the impedances of the tie line and the load conditions in 
the loop. When such calculations become involved, the 
use of the network calculator provides a quick and accur- 
ate tool for obtaining the solution. 

Several common connections used for regulating trans- 
formers providing voltage control, phase angle control, or 
combined voltage and phase angle control, are tabulated 
in the Appendix under Equivalent Circuits of Power and 
Regulating Transformers. The equivalent circuits of the 
regulating transformers to positive-, negative-, and zero- 
sequence are given. It should be noted that the equivalent 
circuits for phase-angle control regulators involve an ideal 
transformer providing a phase shift of voltage and current. 
Positive-sequence voltage and current are always shifted 
by the same angle in the same direction. The angular shift 
for negative-sequence voltage and current is always equal 
to the angular shift for positive-sequence, but is in the oppo- 
site direction. Zero-sequence currents and voltages do not 
undergo an angular shift in being transformed. For ex- 
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ample, refer to F-7 in Table 7 of the Appendix, which is 
the regulating transformer for phase-angle control shown 
in Fig, 34. 

For positive-sequence, neglecting regulator impedance: 


E/ =Nei*Ey=V1+3n2 iE, (63) 
lL. if } 
[f= ~eit] = —- el] (64) 
1 N 1 Vian 1 
where a= tan y/3n 


For negative-sequence, neglecting regulator impedance: 


Bs =NeitEy =V 1432 i2By (65) 
1 _. 1 
Tf sei]. = ——_— e 1*], (66) 
a rr 
For zero-sequence, neglecting regulator impedance: 
By = Ey (67) 
Ig =Io (68) 


For this regulator zero-sequence voltage and current 
are not transformed; Jy) flows through the regulator as 
though it were a reactor. 


It happens with several connections of regulating trans- 
formers that zero-sequence voltages and currents are not 
transformed at all, as in F-7; or are transformed with a 
different transformation ratio than for positive- or nega- 
tive-sequence quantities as in G-1. This phenomenon, and 
the use of the sequence equivalent circuits for regulating 
transformers has been discussed in papers by Hobson and 
Lewis’, and by J. E. Clem.® 


XIV. EXCITING AND INRUSH CURRENTS 


If normal voltage is impressed across the primary ter- 
minals of a transformer with its secondary open-circuited, 
a small exciting current flows. This exciting current con- 
sists of two components, the loss component and the mag- 
netizing component. The loss component is in phase with 
the impressed voltage, and its magnitude depends upon the 
no-load losses of the transformer. The magnetizing com- 
ponent lags the impressed voltage by 90 electrical degrees, 
and its magnitude depends upon the number of turns in 
the primary winding, the shape of the transformer satura- 
tion curve and the maximum flux density for which the 
transformer was designed. A brief discussion of each of 
these components follows: 


34. Magnetizing Component of Exciting Current 


If the secondary of the transformer is open, the trans- 
former can be treated as an iron-core reactor. The dif- 
ferential equation for the circuit consisting of the supply 
and. the transformer can be written as follows: 

., ad 
e=Ritn 7 (69) 
e=instantaneous value of supply voltage 
2= instantaneous value of current 
R=effective resistance of the winding 
@ =instantaneous flux threading primary winding 
m= primary turns 


where, 
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Normally the resistance, R, and the exciting current, 7, 
are small. Consequently the Az term in the above equa- 
tion has little effect on the flux in the transformer and can, 
for the purpose of discussion, be neglected. Under these 
conditions Eq. (69) can be rewritten: 

do 


e€=n)->- 


dt 
If the supply voltage is a sine wave voltage, 
e=/2E sin(witn), 


(70) 


(71) 
where, #=rms value of supply voltage 

w=2nf 
Substituting in Eq. (70) 


/5E sin(wt-Ld) ance 
Solving the above differential equation, 


= —+/2E cos(wttd)+¢ 


Wn, 


(72) 


In this solution, -vee cos (wt+d) is the normal 


steady-state flux in the transformer core. Thé second 
term, ¢, represents a transient component of flux the 
magnitude of which depends upon the instant at which the 
transformer is energized, the normal maximum flux and 
the residual flux in the core at the time the transformer is 


IMPRESSED 
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Fig. 37—Impressed voltage and steady-state flux. 
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energized. Under steady-state conditions this component 
is equal to zero; the magnitude of ¢, is discussed in 
Sec. 38. 

From Eq. (72) it can be seen that the normal steady- 
state flux is a sine wave and lags the sine wave supply 
voltage by 90 degrees. The supply voltage and the normal 
flux are plotted in Fig. 37 as a function of time. 

If there were no appreciable saturation in the magnetic 
circuit in a transformer, the magnetizing current and the 
flux would vary in direct proportion, resulting in a sinu- 
soidal magnetizing current wave in phase with the flux. 
However, the economic design of a power transformer re- 
quires that the transformer iron be worked at the curved 
part of the saturation curve, resulting in appreciable sat- 
uration. Under this condition the magnetizing current 
is not a sine wave, and its shape depends upon the satu- 
ration characteristics (the B-H curve) of the transformer 
magnetic circuit. The shape of the current wave can be 
determined graphically as shown in Fig. 38. In Fig. 38(b) 
are shown the impressed voltage and the flux wave lagging 
the voltage by 90 degrees. For any flux the corresponding 
value of current can be found from the B-H curve. Fol- 
lowing this procedure the entire current wave can be 
plotted. The current found in this manner does not con- 
sist of magnetizing current alone but includes a loss com- 
ponent required to furnish the hysteresis loss of the core. 
However, this component is quite small in comparison to 
the magnetizing component and has little effect on the 
maximum value of the total current. 

A study of Fig. 38 shows that although the flux is a sine 
wave the current is a distorted wave. An analysis of this 
current wave shows that it contains odd-harmonic com- 
ponents of appreciable magnitude; the third harmonic 
component is included in Fig. 38. In a typical case the 
harmonics may be as follows: 45 percent third, 15 percent 
fifth, three percent seventh, and smaller percentages of 
higher frequency. The above components are expressed in 
percent of the equivalent sine wave value of the total 
exciting current. These percentages of harmonic currents 
will not change much with changes in transformer terminal 
voltage over the usual ranges in terminal voltage. In Fig. 
39 are shown the variations in the harmonic content of the 
exciting current for a particular grade of silicon steel. 
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(a) TRANSFORMER B-H CURVE 
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COMPONENT OF 
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(b) VOLTAGE, FLUX AND CURRENT WAVES 


Fig. 38—Graphical method of determining magnetizing current. 
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Fig. 39—Harmonic content of exciting current for a particular 
grade of silicon steel. 


35. Loss Component of Exciting Current 


The no-load losses of a transformer are the iron losses, 
a small dielectric loss, and the copper loss caused by the 
exciting current. Usually only the iron losses, i.e., hys- 
teresis and eddy current losses, are important. These 
losses depend upon frequency, maximum flux density, and 
the characteristics of the magnetic circuit. 

In practice the iron losses are determined from labora- 
tory tests on samples of transformer steel. However, the 
formulas given below are useful in showing the qualitative 
effect of the various factors on loss. 


Tron loss=W,+W, 
Wr=KpfB*max Watts per lb 
W.= Kf? B max watts per lb 
Wy, = hysteresis loss 
W,.=eddy current loss 

f=frequency 
t= thickness of laminations 
Bmax = Maximum flux density 


(73) 


Kn, Ke, and x are factors that depend upon the quality 
of the steel used in the core. In the original derivation of 
the hysteresis loss formula by Dr. Steinmetz, x« was 1:6. 
For modern steels z may have a value as high as 3.0. The 
iron loss in a 60-cycle power transformer of modern design 
is approximately one watt per pound. The ratio of hys- 
teresis loss to eddy current loss will be on the order of 3.0 
with silicon steel and 24 with oriented steel. These figures 
should be used as a rough guide only, as they vary con- 
siderably with transformer design. 


36. Total Exciting Current 


As discussed above, the total exciting current of a trans- 
former includes a magnetizing and a loss component. The 
economic design of a transformer dictates working the iron 
at the curved part of the saturation curve at normal volt- 
age; hence any increase in terminal voltage above normal 
will greatly increase the exciting current. In Fig. 40 the 
exciting current of a typical transformer is given as a 
function of the voltage applied to its terminals. The 
exciting current increases far more rapidly than the term- 
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PERCENT OF NORMAL VOLTAGE 


20 60 100 140 180 
PERCENT OF NORMAL EXCITING CURRENT 


220. +260 300 400 

Fig. 40—Exciting current vs. terminal voltage. The above 

curve applies for one particular design of transformer; the 

shape of the curve may vary considerably depending upon the 
grade of steel and the transformer design. 


inal voltage. For example, 108-percent terminal voltage 
results in 200-percent exciting current. 


37. Typical Magnitudes of Exciting Current 


The actual magnitudes of exciting currents vary over 
fairly wide ranges depending upon transformer size, volt- 
age class, etc. In Table 13 are given typical exciting 
currents for power transformers. The exciting currents 
vary directly with the voltage rating and inversely with 
the kva rating. 


TABLE 13 
TYPICAL EXCITING CURRENT VALUES FOR SINGLE-PHASE 
POWER TRANSFORMERS 
(In percent of full load current) 

The following values should be considered as very approximate for 
average standard designs and are predicated on prevailing perform- 
ance characteristics. Test values will as a rule come below these 
values but a plus or minus variation must be expected depending 
upon purchaser’s requirements. Should closer estimating data be 
required, the matter should be referred to the proper manufacturer’s 
design engincers. 


Three-phase Voltage Class (Full Insulation) 
KVA 2.5 Kv| 18 Kv | 25 Kv | 69 Kv |138Kv|161 Kv230Kv 
500 3.7% | 3.7% | 3.8% | 4.9% 

1 000 3.3 133 |36 |43 

2 500 .... {31 132 13.8 

5 000 28 |31 125%) 4.1% 

10 000 Pree woe. | 3.0 3.1 2.4 3.6 4.0%*- 
25 000 sa! || eee cay oh B22 2.4 3.1 39 (35 * 
50 000 festa lees Wie eet BEL ha OB 


*Reduced Insulation. ‘ 


38. Inrush Current 


When a transformer is first energized, a transient ex-; 
citing current flows to bridge the gap between the con-} 
ditions existing before the transformer is energized and 
the conditions dictated by steady-state requirements. 
For any given transformer this transient current depends 
upon the magnitude of the supply voltage at the instant 
the transformer is energized, the residual flux in the core, 


a a 
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and the impedance of the supply circuit. Often the mag- 
nitude of this transient current exceeds full-load current 
and may reach 8 to 10 times full-load current. These high 
;nrush currents are important principally because of their 
effect on the operation of relays used for differential pro- 
tection of transformers. 

In studying the phenomena that occur when a trans- 
former is energized it is more satisfactory to determine the 
flux in the magnetic circuit first and then derive the cur- 
rent from the flux. This procedure is preferable because 
the flux does not depart much from a sine wave even 
though the current wave is usually distorted. 

The total flux in a transformer core is equal to the nor- 
mal steady-state flux plus a transient component of flux, 
as shown in Eq. 72. This relation can be used to determine 
the transient flux in the core of a transformer immediately 


aed represents the 
1 

crest of the normal steady-state flux, Eq. (72) can be 
rewritten, 


after the transformer is energized. As 


$= —dm COS (wt+A)+¢4 (74) 
where om ev28 
wn, a 
At i=0, 
$0 = — dm COS A+ gi0 (75) 


where ¢o= transformer residual flux 
—¢m cos \=steady-state flux at t=0 
10 = initial transient flux. 


In the above equation the angle \ depends upon the 
instantaneous value of the supply voltage at the instant 
the transformer is energized. If the transformer is ener- 
gized at zero voltage, A is equal to 0, whereas if the trans- 
former is energized where the supply voltage is at a posi- 
tive maximum value, \ is equal to 90 degrees. Assume that 
a transformer having zero residual flux is energized when 
the supply voltage is at a positive maximum. For these con- 
ditions ¢) and cos \ are both equal to zero so ¢io is also 
equal to zero. The transformer flux therefore starts out 
under normal conditions and there would be no transient. 
lowever, if a transformer having zero residual is energized 
ul zero supply voltage the following conditions exist: 


A4=0 
—¢m CoS N= — dm 
go=0 
10 = bm 


Substituting in Eq. (74) 
= — dm cos (wt) +dm (76) 


The flux wave represented by Eq. (76) is plotted in 
Fig. 41a. The total flux wave consists of a sinusoidal flux 
Wave plus a d-c flux wave and reaches a crest equal to 
twice the normal maximum flux. In this figure the tran- 
Stent flux has been assumed to have no decrement; if loss 
'S considered the transient flux decreases with time and the 
“rest value of the total flux is less than shown. In Fig. 41 

Stmilar waves have been plotted for a transformer 
sp 60 percent positive residual flux and energized at 
€To supply voltage. Sixty percent residual flux has been 
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(a) PRIMARY CLOSED AT ZERO VOLTAGE—ZERO RESIDUAL FLUX. 
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(b) PRIMARY CLOSED AT ZERO VOLTAGE 
60% POSITIVE RESIDUAL FLUX. 


Fig. 41—Transformer flux during transient conditions. 


assumed for illustration only. Flux waves for any other 
initial conditions can be calculated in a similar manner 
using Eq. (74). 


39. Determination of Current Inrush 


After the flux variation has been determined by the 
method described, the current wave can be obtained 
graphically as shown in Fig. 42. In the case illustrated 
it was assumed that a transformer having zero residual 
flux was energized at zero supply voltage; the flux there- 
fore is equal to twice normal crest flux. For any flux the 
corresponding current can be obtained from the trans- 
former B-H curve. Although the maximum flux is only 
twice its normal value, the current reaches a value equal 
to many times the maximum value of the normal trans- 
former exciting current. This high value of current is 
reached because of the high degree of saturation of the 
transformer magnetic circuit. 

In the above discussion loss has been neglected in order 
to simplify the problem. Loss is important in an actual 
transformer because it decreases the maximum inrush cur- 
rent and reduces the exciting current to normal after a 
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IRUSH CURRENT 


TOTAL FLUX WAVE 


TRANSIENT FLUX 


(b) FLUX WAVE AND INRUSH CURRENT WAVE 


Fig. 42—Graphical method of determining inrush current. 


period of time. The losses that are effective are the resist- 
ance loss of the supply circuit and the resistance and stray 
losses in the transformer. Figure 43 is an oscillogram of a 
typical exciting-current inrush for a single-phase trans- 
former energized at the zero point on the supply voltage 
wave.? The transient has a rapid decrement during the 
first few cycles and decays more slowly thereafter. The 
damping coefficient, R/L, for this circuit is not constant 
because of the variation of the transformer inductance 
with saturation. During the first few current peaks, the 
degree of saturation of the iron is high, making L low. The 
inductance of the transformer increases as the saturation 


fos 


Fig. 43—Current inrush for a particular transformer ener- 
gized at zero voltage. 


decreases, and hence the damping factor becomes smaller 
as the current decays. 


40. Estimating Inrush Currents 


The calculation of the inrush current to a power trans- 
former requires considerable detailed transformer design 
information not readily available to the application en- 
gineer. For this reason reference should be made to the 
manufacturer in those few cases where a reasonably ac- 
curate estimate is required. An order of magnitude of 


TABLE 14— APPROXIMATE INRUSH CURRENTS TO 60-CYCLE 
POWER TRANSFORMERS ENERGIZED FROM THE HIGH-VOLTAGE 


SIDE 
Transformer Core Shell 
Rating Kva Form Form 
2000 5-8 
10 000 4-7 2.5-5 
20 000 2.0-4 
Note: The crest inrush currents are expressed in per unit of crest full-load 


current. 


inrush currents to single-phase, 60-cycle transformers can 
be obtained from the data in Table 14. The values given 
are based on the transformer being energized from the 
high-voltage side at the instant the supply voltage passes 
through zero. Energizing a core-form transformer from 
the low-voltage side may result in inrush currrents ap- 
proaching twice the values in the table. The per unit 
inrush current to a shell-form transformer is approximately 
the same on the high- and low-voltage sides. 

The inrush currents in Table 14 are based on energizing 
a transformer from a zero-reactance source. When it is 
desired to give some weight to source reactance, the inrush 
current may be estimated from the relation 


— cf 
14+ 1X 


(77) 


where 
Jy>=Inrush current neglecting supply reactance in 
per unit of rated transformer current. 
X=Effective supply reactance in per unit on the 
transformer kva base. 


XV. THIRD-HARMONIC COMPONENT OF 
EXCITING CURRENT 


41. Suppression of the Third-Harmonic 
Component 


As discussed in connection with Fig. 39, the exciting 
current of a transformer contains appreciable harmonic 
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current. The third harmonic is by far the largest harmonic 
component, being as high as 40 to 50 percent of the 
equivalent sine-wave exciting current. 

If the flux in a transformer magnetic circuit is sinusoidal, 
the exciting current must contain a third-harmonic com- 
ponent. If this component cannot flow, because of trans- 
former or system connections, the flux will contain a third- 
harmonic component. The third-harmonic flux will, in 
turn, induce a third-harmonic voltage in the transformer 
windings. The magnitude of the third-harmonic voltage 
induced in a transformer winding, when the third-harmonic 
current is suppressed, will vary between 5 and 50 percent 
depending upon the type of transformers used. With single- 
phase transformers or with three-phase shell-form trans- 
formers the third-harmonic voltages may be as high as 50 
percent of the fundamental-frequency voltage. In a three- 
phase core-form transformer the reluctance of the third- 
harmonic flux path is high (see Sec. 56), consequently the 
third-harmonic flux in the transformer magnetic circuit is 
small even if the third-harmonic component of the exciting 
current is suppressed. The third-harmonic voltage induced 
is therefore small, usually not more than five percent. 

In a three-phase system, the third-harmonic currents of 
each phase are in phase with each other and hence con- 
stitute a zero-sequence set of currents of triple frequency. 
Likewise, the third-harmonic voltages will constitute a 
zero-sequence set of voltages of triple frequency. Thus, 
although a third-harmonic voltage may be present in the 
line-to-neutral voltages, there can be no third-harmonic 
component in the line-to-line voltage. The paths permit- 
ting the flow of third-harmonic currents are determined 
by the system and transformer zero-sequence circuits. 

It has been shown that third harmonics must occur in 
either the exciting current or the voltage of a transformer. 
The exciting current will take the shape imposed by the 
particular connections used. It is always preferable to 
have at least one delta-connected winding in a three- 
phase transformer bank. The delta connection will furnish 
a path for the flow of third-harmonic currents and will 
minimize the third-harmonic current in the external cir- 
cuits. This is very desirable because third-harmonic cur- 
rents in the external circuits may, under some conditions, 
cause telephone interference. A discussion of telephone 
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Fig. 44—Connections which influence the flow of third-har- 
monic exciting current. 
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interference, as affected by transformer connections, is 
given in Chapter 23, Sec. 11. 


42. Effect of Transformer Connections 


The application of the above principles will be illustrated 
by consideration of a number of typical connections. In 
Fig. 44 is shown a three-phase transformer bank connected 


TABLE 15— INFLUENCE OF TRANSFORMER CONNECTIONS ON 
THIRD-HARMONIC VOLTAGES AND CURRENTS 


TRANSFORMER 
SOURCE CONNECTION COMMENTS 
Perm. | SEC. 


SEE NOTE ! 


UNGROUNDED _ 
(SMALL CAPACITANCE TO 
GROUND, NO GROUNDED 
GENERATORS OR GROUNDED 
TRANSFORMER BANKS) 


GROUNDED 
(GROUNDED GENERATORS OR 
GROUNDED TRANSFORMER 
BANKS OR LARGE CAPACI~ 
TANCE TO GROUND) 


ee 
oe 
+ 
2 
A 
A 
a 
4 


Note: 

1. The third-harmonic component of the exciting current is suppressed and so a 
third-harmonic component will be present in the transformer line-to-ground voltages. 

2. The third-harmonic component of the exciting current flows over the line and 
may cause interference due to possible coupling with parallel telephone circuits. 

3. The delta-connected winding furnishes a path for the third-harmonic exciting 
currents required to eliminate the third-harmonic voltages. No third-harmonic cur- 
rent will flow in the line between the source and the transformer and very little third- 
harmonic will be present in the system voltage. 

4. The delta-connected winding furnishes a path for the third-harmonic exciting 
currents required to eliminate the third-harmonic voltages. Very little third- 
harmonic current will flow in the line and very little third-harmonic will be present 
in the system voltage. 

5. lf the capacitance-to-ground of the circuit connected to the transformer 
secondary is large, appreciable third-harmonic current can flow in the secondary 
windings. This factor will help decrease the magnitude of the third-harmonic volt- 
ages but may cause interference in telephone lines paralleling the secondary power 
circuits. The same comments would apply if other ground sources are connected 
to the secondary oircuit. Resonance with the secondary capacitance may produce 
high harmonic voltages. 

6. Some third-harmonic current can flow in the secondary windings if other 
ground sources are present on the secondary side of the transformer bank. The 
magnitude of this current will depend upon the impedance of the ground sources 
relative to the delta circuit impedance and is usually too small to cause trouble 
from telephone interference. 
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to a transmission line, the line in turn being connected 
to a power source. If the star-star connection in Fig. 44(a) 
is used the third-harmonic component of the exciting cur- 
rent is suppressed and a third-harmonic component will 
therefore be present in the line-to-neutral voltages. With 
the primary neutral and the generator neutral grounded, 
as in Fig. 44(b), a path is furnished for the third-harmonic 
exciting currents. If the impedance of this path is low, 
little third-harmonic voltage will be present on the system. 
However, if the line is long and is closely coupled with 
telephone circuits, telephone interference may result. If 
the transformer bank is close to the power source no tele- 
phone interference should result from the use of this 
connection. 

When a delta-connected winding is present in the trans- 
former such as in Fig. 44(c) and (d), the delta connection 
furnishes a path for the third-harmonic currents required 
to eliminate the third-harmonic voltages. If the primary 
is ungrounded or the generator is ungrounded, no third- 
harmonic current will flow in the line. If the primary is 
grounded and the generator is also grounded, a little third- 
harmonic current can flow over the line. With this connec- 
tion the magnitude of the third-harmonic current in the 
line depends upon the relative impedances of the supply 
circuit and the delta circuit. This current is usually too 
small to cause any troublesome interference. 

The same general comments apply when three-winding 
transformers are used. If one winding is delta connected, 
little or no third-harmonic current will flow in the supply 
circuit and little or no third-harmonic voltage will be 
present on the system. 

In Table 15 is given a summary of a number of typical 
transformer connections with a brief description of the 
effect of the connections on the third-harmonic currents 
and voltages. 


XVI. TRANSFORMER NOISE 


Transformer noise is a, problem because of its disturbing 
effect upon people. Noise may arise from several sources 
of force induced vibrations, including 


(1) Magnetostriction, the small change in dimensions 
of ferromagnetic materials caused by induction. 

(2) Magnetic forces tending to pull jointed core mem- 
bers together. 

(3) Magnetic forces acting between two conductors, 
or between a conductor and a magnetic member. 

(4) Fans, pumps, or other transformer auxiliaries. 


The most persistent of these sources of noise is magneto- 
striction, which depends upon flux density and cannot be 
eliminated by tight core construction. The only means of 
reducing magnetostrictive force now at hand is to reduce 
flux density in the core. 

Noise arising from any of the sources listed above may 
be amplified by mechanical resonance in the tank or fit- 
tings, and careful design is necessary to avoid such re- 
inforcement of the original sound. 

Standards” have been established for permissible sound 
pressure levels for various types of transformers, in terms 
of decibels referred to 0.002 dynes per square centimeter: 


Power Transformers and Reactors 


Chapter 5 


db =20 login (78) 


P 
0.0002 
where P, the sound pressure, is expressed in dynes per 
square centimeter. Transformers designed to have sound 
levels below standard levels are available, but at extra cost 
because the magnetic material is worked at an induction 
below normal. 

It is quite difficult to predetermine a sound level which 
will prove satisfactory in the surroundings where a new 
transformer is to be installed. Local conditions affect sound 
transmission, reflection, and resonance to a great degree, 
and these factors are hard to evaluate prior to transformer 
installation. 


XVII. PARALLEL OPERATION 
OF TRANSFORMERS 


43, Single-Phase Transformers 


Transformers having different kva ratings may operate 
in parallel, with load division such that each transformer 
carries its proportionate share of the total load. To achieve 
accurate load division, it is necessary that the transformers 
be wound with the same turns ratio, and that the percent 
impedance of all transformers be equal, when each per- 
centage is expressed on the kva base of its respective trans- 
former. It is also necessary that the ratio of resistance to 
reactance in all transformers be equal, though most power 
transformers will likely be similar enough in this respect 
to permit calculations based on only the impedance 
magnitude. 

The division of current between transformers having 
unequal turns ratios and unequal percent impedances may 
be calculated from an equivalent circuit similar to the one 
shown in Fig. 45. Either percent impedances or ohmic 


Fig. 45—Equivalent circuit for parallel connection of single- 
phase two-winding transformers. 


impedances may be used in an equivalent circuit for paral- 
leled transformers. The circuit in Fig. 45 contains ohmic 
impedances and actual turns ratios; this method is perhaps 
more appropriate when the circuit involves unequal turn 
ratios, because the use of percent values in this type of 
circuit involves extra complications. Solution of this cir- 
cuit, with a load current J, assumed, will indicate the 
division of current between transformers. Also, solution 
of this circuit with total load current set equal to zero will 
indicate the circulating current caused by unequal trans- 
former ratios. For satisfactory operation the circulating 
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current for any combination of ratios and impedances 
probably should not exceed ten percent of the full-load 
rated current of the smaller unit. 

More than two transformers may of course be paralleled, 
and the division of load may be calculated from an ex- 
tended equivalent circuit similar to the one in Fig. 46. 


44. Three-Phase Transformer Banks 


The same considerations apply for the parallel operation 
of symmetrical three-phase transformer banks as have been 
outlined for single-phase transformers. In addition it is 
necessary to make sure that polarity and phase-shift be- 
tween high-voltage and low-voltage terminals are similar 
for the parallel units. A single-phase equivalent circuit 
may be set up on a line-to-neutral basis to represent one 
phase of a balanced three-phase bank, using the theory of 
symmetrical components. 

‘ When three-phase transformer banks having any con- 
siderable degree of dissymmetry among the three phases 
ure to be analyzed, it is necessary either to set up a com- 
plete three-phase equivalent circuit, or to interconnect 
equivalent sequence networks in a manner to represent the 
unbalanced portion of the circuit according to the rules 
of symmetrical components. 


45. Three-Winding Transformers 


Currents flowing in the individual windings of parallel 
three-winding banks can be determined by solving an 
equivalent circuit, such as that shown in Fig. 46. The 
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Fig. 46—Equivalent circuit for parallel connection of single- 
phase three-winding transformers. 


terminal loads, as well as winding ratios and impedances, 
affect the division of currents among the windings of a 
three-winding transformer, so all these factors must be 
known before a solution is attempted. 


46. Three-Winding Transformer in Parallel With 
Two-Winding Transformer 


The equivalent circuit for a three-winding transformer 
paralleled with a two-winding transformer is given in Fig. 
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Fig. 47—Equivalent circuit for a single-phase three-winding 
transformer paralleled with a two-winding unit. 


47. Division of currents may be calculated from this cir- 
cuit, if the load currents J,’ and J,/’ are assumed. 

Parallel operation of two such transformers is not usually 
satisfactory, since a change in tertiary load will alter the 
distribution of load between the other two windings. If 
the impedances are proportioned to divide the load prop- 
erly for one load condition, the load division between trans- 
formers at some other loading is likely to be unsatisfactory. 
An exception is the case wherein the a” circuit of Fig. 47 
represents a delta tertiary winding in a three-phase bank, 
with no load connected to the tertiary; in this instance the 
transformers can be made to divide currents similarly at 
all loads. 

It is possible to design a three-winding transformer so 
that the load taken from the tertiary winding does not 
seriously affect load division between the paralleled wind- 
ings of the two transformers. If the impedance Zp is made 
equal to zero, then current division at the a’ terminals will 
be determined by Zs and Z only, and this impedance ratio 
will remain independent of tertiary loading. It is difficult 
to obtain zero as the value for Zp, particularly if this 
winding is of high voltage; however, values near zero can 
be obtained with special design at increased cost. Such a 
design may result in a value of Zr which is undesirable 
for other reasons. 


XVIH. TRANSFORMER PRICES 
47. Two-Winding Type OA Transformers 


Estimating prices for Type OA, oil-immersed, self-cooled, 
60-cycle, two-winding transformers are given in Fig. 48. 
The estimating prices per kva are based on net prices as of 
December 1, 1949. As prices change frequently, the curves 
should be used principally for comparing the prices of 
different voltage classes, comparing banks made of single- 
phase and three-phase units, etc. 

If the insulation level of the low-voltage winding is 15 
kv, or higher, the prices in Fig. 48 should be corrected in 
accordance with Table 16. Price additions are also required 
when the rating of either the high- or low-voltage winding 
is 1000 volts and below. 

Transformers designed for star connection of the high- 
voltage winding may be built with a lower insulation level 
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TABLE 16—ADDITIONS TO BE MADE TO PRICES IN Fic. 48 
WHEN LOW-VOLTAGE WINDING INSULATION LEVEL IS 15 KV OR HIGHER 


Low-Voltage Winding | Price Addition in Percent 
Single-Phase Equivalent 55 C kva 3-Phase Equivalent 55 C kva 
Insulation Basic Self-Cooled Rating Self-Cooled Rating 
Class Impulse 
KV Levels-kv 501 to 1801 to | 3501 to 7001 to | 13501 and; 501 to 3601 to | 7001 to | 14001 to 27001 
1800 3500 7000 13500 above 3600 7000 14000 27000 jand above 
15 110 34% 143% 0% 0% 0% 34% 114% 0% 0% 0% 
25 150 7 4 3 2 1 7 4 3 2 1 
34.5 200 10 7 6 5 4 10 7 6 5 4 
46 250 14 11 10 9 8 14 11 10 9 8 
69 350 21 18 17 16 15 21 18 17 16 15 
92 450 29 26 24 23 21 29 26 24 23 21 
115 550 37 34 32 30 28 37 34 32 30 28 
138 650 id 42 39 | 36 34 bg 42 39 36 34 
161 750 i" a oe ee ee 41 . 7 46 44 4 


at the neutral end than at the line end of the winding. 48. Multi-Winding Units 

Table 17 summarizes the possible savings in cost with these If a multi-~winding transformer is designed for simul- 
designs. Reference should be made to section 16 for a taneous operation of all windings at their rated capacities, 
discussion of the minimum insulation level that should be the price of the unit can be estimated from the curves 
used at the transformer neutral. given for two-winding transformers by using an equivalent 


Scolesevecass|] || || 11 JI. 1171. TABLE 17—PRICE REDUCTION FOR GROUNDED NEUTRAL SERVICE 
fla tet TLSITS, “santtine teedation  - Gamaon®™ Bria 
- Pe ee he ee ded died = lead Class at Class at. Reduction 
& teh INNA ie Peele tee Sie aed Line End Neutral End | Percent 
4 20; , < anya aes 
3 ene iss Nee . 1p as 
l . 
ws 10 92 NOS Seid let 92 25-69 1.5 
a Ban Bs TORS a es 
ee ae : SERRE SRS Nt 115 15 5.0 
z ISS on RAE] 115 25-69 2.5 
Wee MS 
3‘ CESS SSS Ss 116 92 1.0 
—_ ee —-—_ =S—S=S=—~— ‘ 
% eS ies eres 138 15 6.0 
2 10 40 60 100 200 400 138 25-46 5.0 
Hine sale) BANK RATING-MVA 138 69-92 3.0 
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100 
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« 
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a lo 2 
a ¥ 
2 230 15 10.0 h 
a? 230 25-69 7.5 & 
= 4 230 92-138 5.0 
= 230 161 3.0 
uw 
2 287 15 12.0 
me Re a aie nr Rene ere ae oti as 
= 287 92-138 5.0 
(b) THREE-PHASE UNITS ae oa oa 


Fig. 48—Curve for estimating prices of oil-immersed, 60-cycle, *Reference should be made to section 16 for a discussion of minimum permissible 
two-winding, type OA power transformers. neutral insulation levels. 
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two-winding capacity equal to the sum of the rated ca- 
pacities of the various windings divided by two. If a 
multi-winding transformer is not designed for simultaneous 
operation of all windings at their rated capacities, the price 
of the unit can be estimated from the curves given for 
two-winding transformers, using an equivalent two-winding 
cupacity equal to 
Equivalent = A+3(B—A) 


Where A =3(Sum of the simultaneous loadings). 
B=}3(Sum of the maximum rated capacities of 
the various windings). 


(79) 


In addition, 5 percent must be added for three-winding 


transformers; 7.5 percent for four-winding transformers; 


and 10 percent for five-winding transformers. . 


49, Estimating Prices for Other Types of Cooling 


Table 18 is a summary of the approximate cost of three- 
phase power transformers employing auxiliary cooling sys- 
tems. All cost figures are expressed in per unit of OA 


TABLE 18— RELATIVE COST OF THREE-PHASE TRANSFORMERS 
WITH SPECIAL COOLING 
Each cost is in per unit, based on the cost of an OA transformer hav- 
ing 2 rating equal to the maximum of the special unit being consid- 
ered © 


; Three- 
: Phase Insulation Class—KV 
Type Bank 
Rating 
MVA| 15 [34.8) 69 | 92 | 115} 138] 161 | 196 | 230 
OA/FA 1 |1.08/1.07/1.05)1.05:1.05)1.06]1 08/1 06/1 .07 
2 j1.00/1.01/1.01}1.02!1.02/1.04)1.05]1.03)1.05 
5 0.92/0.95/0 95/0. 96,0.97/0. 990. 99,0.99/1.00 
10 0.90/0.91/0.92/0.93'0.93'0.95:0.95,0.96 0.96 
20 |0.88/0.88'0.90'0.90,0.90/0.92'0.91:0.92/0.93 
50 0.870.870. 88,0.89/0.91/0.91.0.92)0.92 
100 ‘0.87,0.88.0.89/0.90,0.90'0.91/0.91 
OA/FA/FOA| 20 |0.74/0.7510.77|0.78'0.79!0.8110. 80/0. 830.83 
50 0.7310.73/0.75!0.77|0. 80/0. 81/0.81/0.82 
100 7210. 7410.75/0.76|0.7810.81/0.80 
FOA 20 |0.66/0.67/0.7110.73/0.7510.77/0. 780.8110. 82 
50 0.64/0.68)0.70|0.71/0. 7510. 7910. 81/0. 82 
100 0.66/0.67/0.67/0. 680.7110. 75/0. 75 
OW 2 }1.05]1.03/0.9910.99/1.0311.07/1.02/0.97/0.91 
5 |0.91/0.92/0. 92/0. 92/0.9310.97\0.96/0.93/0.91 
10 /0.85/0. 84/0. 90/0. 88/0. 90/0. 89/0. 93|0.91/0.90 
20 |0.82/0.84/0.87|0. 88/0. 8910. 88}0.9110.9010.90 
50 0.8710. 86|0. 85/0. 85/0. 84|0. 8810.87/0.87 
100 0. 85/0. 85/0. 85/0. 82/0. 82/0. 8510. 81 
FOW 20 |0.6010.61/0.65|0.67/0.69/0.7110.7110.7410.75 
50 0.59/0.62/0. 64/0.65)0.69/0.73'0.7110. 72 
100 0. 60/0. 6110..62/0. 62/0.65!0. 6910. 69 


(a) OA/FA—Oil-Immersed Self-Cooled/Forced-Air-Cooled. 
Ca(FA/FAO—Triple-Rated, Self-Cooled/Forced-Air-Cooled/Forced-Oil- 
FOA~Forced-Oil-Cooled with Forced-Air-Coolers. 

V—Oil-lmmersed Water Cooled. 
(b) eon ~~ Forced-Oil Cooled with Water Coolers. 
1¢@ MVA ratings tabulated for OA/FA and OA/FA/FOA units are the FA 
0) pnd the FOA ratings respectively. 
: (Pawple: The cost of a 15 kv OA/FA three-phase unit rated 10 000 kva 
Be Is equal to 0.90 times the cost of a 15 kv OA three-phase unit rated 10 000 
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transformer cost, where the OA rating used to determine 
the base cost is equal to the highest rating of the force- 
cooled or specially-cooled unit. The kva ratings listed in 
the second column of Table 18 are the highest ratings of 
forced-cooled units; for example, the kva rating listed for 
OA/FA/FOA transformers is the FOA value. 


XIX. REACTORS 
50. Application of Current-Limiting Reactors 


Current-limiting reactors are inductance coils used to 
limit current during fault conditions, and to perform this 
function it is essential that magnetic saturation at high 


current does not reduce the coil reactance. If fault current 


is more than about three times rated full load current, an 
iron core reactor designed to have essentially constant 
magnetic permeability proves overly expensive, therefore 
air core coils having constant inductance are generally used 
for current-limiting applications. A reactor whose induc- 
tance increased with current magnitude would be most 
effective for limiting fault current, but this characteristic 
has not been practically attained. 


r. 
a 


Fig. 49—Oil-immersed air-core reactor. 


Fig. 50--Dry-type air-core reactor. 


Air core reactors are of two general types, oil-immersed 
(Fig. 49) and dry-type (Fig. 50). Oil-immersed reactors 
can be cooled by any of the means commonly applied to 
power transformers. Dry-type reactors are usually cooled 
by natural ventilation but can also be designed with forced- 
air and heat-exchanger auxiliaries where space is at a 
premium. 
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Oil-immersed reactors can be applied to a circuit of any 
voltage level, for either indoor or outdoor installation. The 
advantages of oil-immersed reactors also include: 


1. A high factor of safety against flashover. 

2. No magnetic field outside the tank to cause heating 
or magnetic forces in adjacent reactors or metal 
structures during short-circuits. 

3. High thermal capacity. 


Dry-type reactors depend upon the surrounding air for 
insulation and cooling. Because of the required clearances 
and construction details necessary to minimize corona, 
these reactors are limited to 34.5 kv as a maximum insula- 
tion class. Free circulation of air must be maintained to 
provide satisfactory heat transfer. These coils should not 
be surrounded with closed circuits of conducting material 
because the mutual inductance may be sufficient to produce 
destructive forces when short-circuit current flows in the 
coil. Structures such as I-beams, channels, plates, and 
other metallic members, either exposed or hidden, should 
also be kept at a distance from the reactor even though 
they do not form closed circuits. A side clearance equal to 
one-third the outside diameter of the coil, and an end 
clearance of one-half the outside diameter of the coil will 
produce a temperature rise less than 40 C in ordinary 
magnetic steel. For the same size members, brass will have 
about the same rise, aluminum about one and one half 
times, and manganese steel about one-third the rise for 
ordinary magnetic steel. Reinforcing rods less than three- 
fourths inch in diameter which do not form a complete 
electrical circuit are not included in these limitations, be- 
cause the insulation clearances from the reactor should be 
sufficient to avoid undue heating in such small metal parts. 

In order to avoid excessive floor loading due to magnetic 
forces between reactors the spacing recommended by the 
manufacturer should be observed. Sometimes this spacing 
can be reduced by use of bracing insulators between units 
or using stronger supporting insulators and increasing the 
strength of the floor. This should always be checked with 
the manufacturer since bracing increases the natural period 
of vibration and may greatly increase the forces to be 
resisted by the building floors or walls. 


51. Reactor Standards 


The standard insulation tests for current-limiting re- 
actors are summarized in Table 19. 

Dry-type current-limiting reactors are built with Class 
B insulation and have an observable temperature rise by 
resistance of 80 C with normal continuous full-load current. 
Dry-type and oil-immersed current-limiting reactors are 
designed mechanically and thermally for not more than 
3314 times (3 percent reactive drop) normal full-load 
current for five seconds under short-circuit conditions. 


52. Determination of Reactor Characteristics 
When specifying a current-limiting reactor, information 
should be included on the following: 
1. Indoor or outdoor service. 
2. Dry- or oil-immersed type. 
3. Single-phase or three-phase reactor. 
4. Ohms reactance. 
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TABLE 19—STANDARD DIELECTRIC TESTS 
FOR CURRENT-LIMITING REACTORS 


—$_—$_—_$__————————$ —————————————————— 
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Low Frequency Impulse Tests 
Tests” (Oil Type) 
sulation 
ae ee Dry Chopped Wave mt 
(a) Oil Type | Type Min.Time| w. 
ky rms (c) Voltage ‘ ies 
to Flash- | ky crest 
kv rms | kv crest a, 
over in us 
1.2 12 12 54 1.5 45 
2.5 17 25 69 1.5 60 
5.0 21 30 88 1.6 75 
8.66 29 40 110 1.8 95 
15.0 36 60 130 2.0 110 
23.0 60 85 175 3.0 150 
34.5 80 115 230 3.0 200 
46.0 105 290 3.0 250 
69.0 160 400 3.0 350 
92.0 210 520 3.0 450 
115.0 260 630 3.0 550 
138.0 310 750 3.0 650 
161.0 365 865 3.0 750 
196.0 425 1035 3.0 900 
230.0 485 1210 3.0 1050 
287.0 590 1500 3.0 1300 
345.0 1 690 1785 3.0 1550 
Notes: 


(a) Intermediate voltage ratings are placed in the next higher insulation class 
unless specified otherwise. 

(b) Turn-to-turn tests are made by applying these low-frequency test voltages, 
at a suitable frequency, across the reactor terminals: dry-type reactors for 


outdoor service require a turn-to-turn test voltage one-third greater than the 
tabulated values. 


{c) No standard impulse tests have been established for dry-type current- 
limiting reactors. 


5. Continuous current rating, amperes. 
6. Reactor rating in kva. 

7. Voltage class. 

8. Circuit characteristics: 


(a) Single-phase or three-phase. 
(b) Frequency. 

(ec) Line-to-line voltage. 

(d) Type of circuit conductors. 


Standardization of current ratings and ohmic reactances 
for current-limiting reactors is not yet completed, but 
semi-standard values are available and should be used 
where feasible in the preparation of reactor specifications. 


53. Reactor Prices 


The estimating prices included in this section should be 
used for comparative purposes only because reactor prices 
we subject to change from time to time. 

Estimating prices for single-phase, 60-cycle, dry-type 
current-limiting reactors are given in Fig. 51 for kva rat- 
Ings between 10 and 5000. Reactors for use in 1201 to 
13 800 volt circuits may be estimated from the curve 
labeled “15 kv and below.” The prices given apply to 
single-phase reactors with current ratings between 300 and 
600 amperes. For current ratings below 300 amperes, price 
additions must be made in accordance with Table 20. When 
the current rating exceeds 600 amperes make a price addi- 
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Fig. 51—-Curve for estimating prices of single-phase, 60-cycle, 
dry-type current-limiting reactors. 
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Fig. 52—Curve for estimating prices of single-phase, 60-cycle, 
oil-immersed current-limiting reactors. 


tion of one percent for each 100 amperes, or fraction thereof, 
above 600 amperes. 

Estimating prices for single-phase, 60-cycle, oil-immersed 
current-limiting reactors are given in Fig. 52 for insulation 
classes between 15 and 138 kv. For current ratings above 
800 amperes make a price addition of two percent for each 
100 amperes, or fraction thereof, above 800 amperes. 

Estimating prices for 60-cycle, oil-immersed, self-cooled 
shunt reactors may be estimated by adding 10 percent to 
the prices given in Fig. 48 (a) for two-winding transformers. 


TABLE 20— PRICE ADDITIONS FOR Dry-TYPE REACTORS 
RATED BELOW 800 AMPERES 


Current Price 
Rating Amperes Addition Percent 

250-299 ; i) 
200-249 10 
150-199 15 
125-149 22 
100-124 29 

75- 99 36 

50- 74 43 


136 


XX. EQUIVALENT CIRCUITS FOR SINGLE 
PHASE TRANSFORMERS 


Representation of a transformer by an equivalent circuit 
is a commonly used method for determining its perform- 
ance as a circuit element in complex power and distribution 
networks. Without the simplifications offered by the use 
of such equivalent circuits the handling of transformers 
with their complex array of leakage and mutual imped- 
ances would be a formidable problem. 

For the purposes of calculating short circuit currents, 
voltage regulation, and stability of a power system, the 
normal magnetizing current required by transformers is 
neglected. Thus Figs. 2(c), (d), or (e), as the choice may 
be, will adequately represent a two-winding transformer 
for calculation purposes. 

For three-, four-, and in general multi-winding trans- 
formers, an equivalent network can be always determined 
that will consist only of simple impedances (mutual imped- 
ances eliminated) and accurately represent the transformer 
as a circuit element. The impedances which can be most 
readily determined by test or by calculation are those 
between transformer windings taken two at a time, with 
other windings considered idle; therefore the impedances 
in an equivalent circuit can well be expressed in terms of 
these actual impedances between the transformer windings 
taken two at a time. 

The number of independent impedances required in an 
equivalent circuit to represent a multi-winding transformer 
shall be, in general, equal to the number of all possible 
different combinations of the windings taken two at a time. 
Thus, one equivalent impedance is required to represent 
a two-winding transformer, three branch impedances for a 
three-winding transformer, and six independent branch 
impedances to represent a four-winding transformer. 

Equivalent circuits for the two-winding transformer and 
auto-transformer are presented in sections 1 and 27, re- 
spectively. The following sections discuss the equivalent 
circuits for three-winding and four-winding transformers. 


54. Equivalent Circuits for Three-Winding Trans- 
former 

The equivalent circuit for a transformer having three 
windings on the same core is shown in Fig. 53, where the 
magnetizing branches have been omitted. The number 
of turns in the P, S, and 7 windings are m1, mz, and ns, 
respectively. The equivalent circuit is shown in Fig. 53 
(b) with all impedance in ohms on the P winding voltage 
base and with ideal transformers included to preserve 
actual voltage and current relationships between the P, 
S, and T windings. On the P winding voltage base: 


1 
Zp= 1( Zest Zee—salsn) 


Zs= a( alert Zes—Zer) 
1 


x= ¥( Zee 


(80) 


1 
ZL s7r—Z. 
NE ST rs) 
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Zp2t/2 [Zes + Zer- 1 Zsq] 
Nj 


Z5?1/2 [its Zst +Zps-Zer| 
Ni 
Zy71/2[Zer+ 
tT ert =z 2Zst~Zes] 
t 


Z5% Is Pu. 


(c) j 
Zp%* V2[Zes% +Zpr% - GEZsr%] 


Up 
25% 21/2 [oezsr% +Zps% ~Zer%| 
: a 
Zr%=1/2 [Zer% + Us Zst% Zps%| 


Fig. 53—Three-winding transformer. 


(a) winding diagram. 
(b) equivalent circuit in ohms. 
(c) equivalent circuit in percent. 


Note that Zp and Zs as defined and used here differ 
from Zp and Zs in Eq. 10. The equivalent circuit ex- 
pressed in percent is given in Fig. 53 (c) with all imped- 
ances referred to the kva of the P winding. 


Ze%o= ¥{ Zealot Zea%~ Fehon" ) ; 
$ 


2%=¥( Zan + Zeso-Zorx%) 


Z1%= 1 Zest Fan ~Zes%) 
S 


The quantities can be expressed in percent on any arbi- ; 
trary kva base, Uc, by multiplying each impedance by ; 
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the ratio vs . The notation used is defined as follows: 
P 


Up=kva of the P winding. 
Us=kva of the S winding. 
Uy=kva of the 7 winding. 


Zes3= leakage impedance between the P and S wind- 
ings as measured in ohms on the P winding with 
the S winding short-circuited and the T winding 
open-circulted. 

73% = leakage impedance between the P and S wind- 
ings, with the 7 winding open-circuited, ex- 
pressed in percent on the kva and voltage of the 
P winding. 

Zpr=leakage impedance between the P and T wind- 
ings as measured in ohms on the P winding with 
the T winding short-circuited and the S winding 
open-cireuited. 

Zpr% = leakage impedance between the P and 7 wind- 
ings, with the S winding open-circuited, ex- 
pressed in percent on the kva and voltage of the 
P winding. 

Zsr=leakage impedance between the S and T wind- 
ings as measured in ohms on the S winding with 
the T winding short-circuited and the P winding 
open-circuited. 

731% =\leakage impedance between the S and 7 wind- 
ings, with the P winding open-circuited, ex- 
pressed in percent on the kva and voltage of the 
S winding. 

The equations given in Fig. 53 (b) and Fig. 53 (c) for 
Zp, Zp%, etc., are derived from the relationships: 


Zpg=Zpt+Zs Zes% =2LP%t+Zs% 


5 
Zey=Zpt+Zy Zer%o= Le%+ 21% (82) 
Zat=NV(Zst+Zr) Zsr%= F8 (25% +25%) 
P 
ilso 
Zp=RptjXp 
Zps=RpstjXrs=Ret+Rstj(XetXs) (83) 


Zes% = Rps% +jXes% etc., 


where Xpg is the leakage reactance between the P and S 
windings (with 7 open-circuited); and Rps is the total 
effective resistance between the P and S windings, as 
Measured in ohms on the P winding with S short-circuited 
and T open-circuited. Rps% and Xps% are the respective 
antities expressed in percent on the kva and voltage of 
the P winding. 

The equivalent circuits completely represent the actual 
transformer as far as leakage impedances, mutual effects 
etiveen windings, and losses are concerned (except ex- 
Citing currents and no load losses). It is possible for one 


of the three legs of the equivalent circuit to be zero or 
negative. 


55. Equivalent Circuits for Four-Winding Trans- 
former 


ae equivalent circuit representing four windings on 
~ Same core, shown in Fig. 54 (a), is given in Fig. 54 (b) 


using ohmic quantities. This form is due to Starr'!, and 
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Fig. 54—Four-winding transformer. 


(a) winding diagram. 
(b) equivalent circuit. 


here again the magnetizing branches are omitted. The 
branches of the equivalent circuit are related to the leak- 
age impedances between pairs of windings as follows: 


Z.= 1( Zest Zev jalsv~K) 
Ni 


y= 1( Zest teler—Zor—K) 
Ni 
Z =1( feet gale —yqlev—K 
ooh Ne N3 N? 
1 
Zan i( sel Zev Zer—K) (84) 
2 
Ze=V KiKo+Ki 
Z:=V KK. +Ke 
where, K=VKiK.= SS 
e f 
1 1 
Ky=Z —~Zgy ~Zps——52 
1 era sv—4ps N TV 


1 1 
K,=Z —Z sy —Zey—-=58 
2 ee sv —4py Ne ST 
The windings will ordinarily be taken in the order that 
makes K, and K»2 positive so that Z. and Z, will be posi- 
tive. The leakage impedances are defined as before; for 
example, Zpg is the leakage impedance between the P 
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and S windings as measured in ohms on the P winding 
with the S winding short-circuited and with the 7 and 
V windings open-circuited. The equivalent circuit in per- 
cent has the same form as Fig. 54 (b), omitting the ideal 
transformers. 


Z .%=1{ Zes%o+ Zvo FZv%~ K%), etc. 


U 

Ki% =Zer%ot+ + Zev %— Zes%o— lwo, etc. (85) 
T 

Similar equations, derived from Eq. (84), apply for the 


other quantities in the equivalent circuit. 


XXI. SEQUENCE IMPEDANCE 
CHARACTERISTICS OF THREE-PHASE 
TRANSFORMER BANKS 


56. Sequence Equivalent Circuits 


The impedance of three-phase transformer banks to 
positive-, negative-, and zero-sequence currents, ‘and the 
sequence equivalent circuits, are given in the Appendix, 
under Equivalent Circuits for Power and Regulating 
Transformers. The equivalent circuits were developed 
by Hobson and Lewis?!*. The same notation as defined 
in the early part of this chapter is used to denote leakage 
impedances in ohms and in percent. 

The impedance to negative-sequence currents is always 
equal to the impedance to positive sequence currents, and 
the equivalent circuits are similar except that the phase 
shift, if any is involved, will always be of the same magni- 
tude for both positive- and negative-sequence voltages 
and currents but in opposite directions. Thus, if the phase 
shift is +a degrees for positive-sequence, the phase shift 
for negative-sequence quantities will be —qa@ degrees. 

The impedance of a three-phase bank of two-winding 
transformers to the flow of zero-sequence currents is equal 
to the positive-sequence impedance for three-phase shell- 
form units (or for a bank made up of three single-phase 
units) if the bank is star-star with both star points ground- 


Fig. 55—-Zero-sequence exciting currents and fluxes in a three- 
phase core-form transformer. 
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ed. If the bank is connected star-delta, with the star point 
grounded, the zero-sequence impedance viewed from the 
star-connected terminals for shell-form units, or banks of 
three single-phase units, is equal to the positive-sequence 
impedance; the zero-sequence impedance viewed from the 
delta-connected terminals is infinite. 

The impedance to the flow of zero-sequence currents in_ 
three-phase _¢ core-form uw units is generally 1 lower than ‘the 
Los o op eel 
positive-sequence 1 impedance. ‘Figure 55 5 illustrates that 
there is no return for the zero- sequence exciting flux in _ 
such a unit, except in the insulating medium, or in the © 
tank and metallic connections other than the core. The | 
flux linkages with the zero-sequence exciting currents are | 
therefore low, and the exciting impedance to zero-sequence | 
currents correspondingly low. Although the exciting im- : 
pedance to positive-sequence currents may be several : 
thousand percent, the exciting impedance to zero-sequence 
currents in a three-phase core-form unit will lie in the range 
from 30 to 300 percent, the higher values applying to the — 
largest power transformers. Low exciting impedance : 
under zero-sequence conditions~is“reflected_in some re- 


duction in the through impedances to zero-sequence cur- : 
rent flow. A star-star grounded, three-phase, two-winding 
unit of the core-form, or a star-star grounded autotrans- 
former of the phtes-phaae core form acts, because of this : 
characteristic, as if it had a tertiary winding of relatively : 
high reactance. In small core-form units this characteristic | 
is particularly effective and can be utilized to replace a} 
tertiary winding for neutral stabilization and third har- 
monic excitation. ‘ 
The zero-sequence exciting impedance is affected by the 
magnitude of excitation voltage, and it is also affected by | 
tank construction. For example, the zero-sequence excit- | 
ing impedance of a 4000-kva, 66 000-2400-volt unit was | 
measured to be 84 percent at normal voltage before the} 
core was placed in the tank; it was measured to be 36; 
percent at normal voltage after the core and coils were} 
placed in the tank. In this case the tank saturated but j 
acted as a short-circuited secondary winding around the 
transformer, tending to limit the area of the flux return | 
path to that between tank and windings. The zero-' 
sequence exciting impedance is measured by connecting 
the three windings in parallel and applying a single-phase ; 
voltage to the paralleled windings. = 
The zero-sequence exciting impedance of three-phage 
core-form units is generally much lower than the positivg 
sequence exciting impedance, and much lower than ‘thé 
zero-sequence exciting impedance of three-phase shel ~ 
form units or three single-phase units. For this, reasongg 
is necessary to consider the zero-sequence exciting Jm¥] 
pedance in deriving the zero-sequence impedance ch 
acteristics for certain connections involving core-forRg 
units... The exciting impedance to zero-sequence currelyy 
has been denoted by Zsr, Zpr, etc., where the first oa 
script refers to the winding on whieh the zero-sequenyy; 
exciting impedance is measured in ohms. Following the 
same notation, Zsz% is the exciting impedance of the 
winding to zero-sequence currents expressed in percent on, 
the kva of the S winding. The number of branches required: 
to define an equivalent circuit of three-phase two- or multig 
winding transformers is the same in general as has been deg 
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scribed for single phase transformers. A notable exception to 
this will exist in the formulation of the zero-sequence im- 
pedance of core form transformers with grounded neutral. 
Inthis case an extra impedance branch must be provided in 
the equivalent circuit, this branch being always short- 
circuited to the neutral bus, and having a value dependent 
upon the zero-sequence excitation impedances of the wind- 
ings as well as the grounding impedance in the transformer 
neutral. Ifthe three-phase bank connections are unsym- 
metrical as in the case of the open-delta connection, mutual 
coupling will exist between the, sequence networks. 


57. Derivation of Equivalent Circuits 


In the derivation of equivalent circuits for three-phase 
transformers and banks made up of three single-phase 
transformers, it is convenient to represent each winding of 
the transformer by a leakage impedance and one winding 
of an ideal transformer. This method may be used in the 
development of circuits for two- and_ three-winding 
transformers. 

Two magnetically-coupled windings of a single-phase 
transformer having 7, and m2 turns, respectively, are shown 
schematically in Fig. 56(a). The customary equivalent 
circuit used to represent such a single-phase transformer is 
shown in Fig. 56(b) in which Z, and Zz are components 
of the transformer leakage impedance, with a more or less 
arbitrary division of the leakage impedance between Za 
and Zg. Zy» is the so-called “magnetizing shunt branch.” 
Since the numerical value of Z™ is very large compared to 
Z, and Zz, for most calculations Fig. 56(b) is approx- 
imated by Fig. 56(c) where Zs is considered infinite. 

. Hither of these circuits has serious deficiencies as a device 

representing the actual transformer; the voltage and cur- 
rent transformation effected by transformer action is not 
represented in the equivalent circuit, and the circuit 
terminals a and a’ are not insulated from each other as in 
the actual transformer. These disadvantages are evidenced 
particularly when analyzing transformer circuits wherein 
several windings or phases are interconnected. To over- 
come these deficiencies it is expedient to use the equivalent 
circuit shown in Fig. 56(d) which combines the circuit of 
Fig. 56(b) with an ideal transformer. The ideal trans- 
former is defined as having infinite exciting impedance 
(zero exciting current) and zero leakage impedance, and 
serves to transform voltage and current without imped- 
nee drop or power loss; the ideal transformer thus re- 
stores actual voltage and current relationships at the 
terminals a and a’. The circuit of Fig. 56(e) is obtained 
from Fig. 56(d) by converting the impedance Zz to the E,’ 
voltage base (by multiplying Zs by the square of the 
voltage ratio). This process may be thought of as “sliding 
the ideal transformer through” the impedance Zs. If the 
exciting, or no load, current may be neglected (Zm con- 
sidered as infinite) the circuit of Fig. 56(e) becomes 
Fig. 56(f), 
_ Finally, if Zy is considered infinite, the circuit of Fig. 
fea becomes Fig. 56(g), in which the two parts of the 
eakage impedance, Za and Zp, combine into the complete 
eakage impedance Zps, where 


Zeg=Zra+Zp (86) 


Fig. 
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In most developments the circuit of Fig. 56(g) will be 
found most convenient, although in some cases it becomes 
desirable to have part of the leakage impedance associated 
with each winding, and the circuit of Fig. 56(f) may be 
used. 

To be perfectly definite, Zps is understood to mean the 
leakage impedance, as measured in ohms, with the S wind- 
ing short circuited, and voltage applied to the P winding. 
When the test is reversed, with voltage applied to the S 
winding, and the P winding short circuited, the impedance 
is denoted by Zsp. It is obvious from the development 
given that, when Z™ may be considered infinite, 


Ny? 
Zsp at — 4p S- 
ny 


(87) 


58. Derivation of Equivalent Circuit for Star-Delta 
Bank 


In Fig. 57 each transformer winding is represented by an 
impedance and one winding of an ideal transformer, the 
transformer having 7 turns in the P winding and m turns 
in the S winding. The windings shown in parallel are 
assumed to be on the same magnetic core. The voltages 


a a’ 


ef fs 
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(c) NEGATIVE - SEQUENGE EQUIVALENT CIRCUIT 
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(¢) ZERO-SEQUENGE EQUIVALENT CIRCUIT 


Fig. 57—Equivalent circuits of a star-delta transformer bank, 
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é, and e, represent the voltages across the P and S wind- 
ings of the ideal transformers. 

Assuming positive-sequence voltages Eig, Evy, and Ey, 
applied to the terminals abc, and a three-phase short- 
circuit at the a’b’c’ terminals, the following relations can be 
written: 


Eig = Eg = Ey =0 Mle = My 

eo= [Ze 2, (88) 

2 
ep es = Ze = (“*) Ts 
No Ng No 
2 
Eng=ept+1,Zp= 1| ze+(*) 2s | 
2 


Designating the circuits connected to the abc and a’b’c’ 
terminals as circuits 4 and 5, respectively, 


2 
Zg= "t= Ze +(™) Ze=Zes 
I No 


a 


(89) 


Zu; is defined as the impedance between circuits 4 and 5 — 
in ohms on the circuit 4 voltage base. Zps is the imped- 
ance between the P and S windings as measured by apply- 
ing voltage to the P winding with the S winding short- 
circuited. 

With positive-sequence voltages applied to the abc 
terminals and the a’b’c’ terminals open circuited, 


Eyg=QE ag Eg = VE : 

Beg= OB ug Eig = Eg ) 

C= ep = Bag Erg (90) | 

Bag= Cp = (Eng OE) 

Mm, “My _¢ i 

= 7 Bee(1—a) = V3" Beet 520, 
Letting N = we , Bl,= NE ,ei™. 
Ny . 4 


As positive-sequence quantities were used in this analy- 
sis, the final equation can be expressed as follows: ; 


E/ =NE,e*, (91) 


where Ey and £&; are the positive-sequence voltages to ; 
ground at the transformer terminals. 

The above relations show that the line-to-ground volt- ; 
ages on the delta side lead the corresponding star-side 
voltages by 30 degrees, which must be considered in a 
complete positive-sequence equivalent circuit for the trans- ; 
former. A consideration of Eqs. (88) will show that the 
currents/,, Iy) and I? also lead the currents I,, Ip and } 
I, by 30 degrees. 


ny 


5 es Iy= "Ty = 0°L 
Ne NM 2) 1 
If=Iz—I,="4I,—a°l,) (92) 
Ne y 
= seis 
= x 330 
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The complete positive-sequence circuit in Fig. 57(b) 
therefore includes the impedance Zps and an ideal trans- 
former having a turns ratio N and a 30-degree phase shift. 

A similar analysis, made with negative-sequence volt- 
ages and currents, would show that 


hae™ (93) 
E4=NE .i®, (94) 


The positive- and negative-sequence circuits are there- 
fore identical excepting for the direction of the phase 
shifts introduced by the star-delta transformation. 

The zero-sequence circuit is derived by applying a set of 
zero-sequence voltages to the abc terminals. In this case 


Eug= Eve= Eeg= Eo 
I,=Inp=1.=1 
Eg =eptZel a. 


€,—1.Z3=0 because no zero-sequence voltage can 


be present between line terminals. (95) 
j rales 
Ne 
p= —e,= (=) I,Zg 
Ne Na 
ny 
Bae=1 ()2Z stop |= I,Zps 
Ne 
Eo Esg 
Lo= 77 a =Zps, which is the same impedance as 
0 a 


was obtained with positive-sequence voltages 
and currents. (96) 


If zero-sequence voltages are applied to the a’b’c’ ter- 
minals, no current can flow because no return circuit is 
present. The zero-sequence impedance of the transformer 
bank is therefore infinite as viewed from the delta side. 


59. Derivation of Equivalent Circuit for Autotrans- 
former with Delta Tertiary 


The basic impedances of an autotransformer with a delta 
tertiary may be defined in terms of the leakage impedances 
between pairs of windings, with the third winding open 
circuited. The impedance between the primary and 
secondary, or common and series, windings of the trans- 
former in Fig. 58(a) may be obtained by applying a voltage 
across the P winding with the S winding short circuited, 
and the 7 winding open circuited. Referring to Fig. 59, 


a(2 att tes 
ce (7) Pm me 
E= ep +1Zp 
=1(22+22) (97) 
Ua 


Zrg=E/I= 7842p. 
nm 


Similar relations can be derived for the impedances 
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Fig. 58—Equivalent circuits of a three-winding autotrans- 
former. 
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Fig. 59—Representation of the primary- to secondary-wind- 
ing impedance of an autotransformer, 


between the P and 7, and S and T windings, resulting in 
the set of equations 


Z 
Zps=—+Zp 
ny 


Tyee, (98) 
Ne” 


2 
Zar= (=) Ziti Te 
Ne 


These equations can be solved for the individual winding 
impedances Zp, Zs and Zr. 


Z 
Zp= 4| Zes+ Zen 22 


2 


Zs3= 3[Zsr+n?Zps—nVZpr] 


n 2 
Zr= | (2) Lert nizer—nizZos | 
1 


(99) 


The impedances among circuits 4, 5 and 6 can be de-. 


rived in terms of the impedances between windings, using 
the same procedure as employed in the derivation of the 
impedances of the star-delta bank in section 58. 

With positive-sequence voltages applied to terminals 
abc, terminals a’b’c’ short circuited and terminals a’’b’’c’’ 
open circuited, the following relations can be written: 


Eig = Eg = EG =9 Cs = Np 

I 

I¢—I, I{=0 I{=—— 
ae l+n 


ept+es— (1, —1.)Zp—1,/Z5=0. 


Eliminating e, and J’, from the above equation: 


€p(1-+n1) = 


— 


ep= ——(Z ptZs)—5 


a 1)? (100) 
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Fag=€p— (I,’—1,)Zp 


= ent Lael : ) 
l+ny 
ZstnyZp 


(1+)? 


=I,X 


(101) 


Representing the circuit transformation ratio (1-+-m) by 
? 


? ry 2 
Z5= Gr ) XZps 


The impedance between circuits 4 and 6 may be ob- 
tained by applying positive-sequence voltages to ter- 
minals abe, with terminals a’b’c’ open and a’’b’c’’ shorted 
circuited. In this case: 


e=1,Z¢ 


(102) 


I,=1,/n2 


ty ne (103) 
Eyg=ept+1.Zp 


1,| 22420 
Nq2 


[PR ey Sey en 
I Ne? 


a 


With positive-sequence voltages applied to terminals 
a’b’c’, terminals abe open and terminals a’b’’c’’ short 
circuited, 


Po ae | BLY 
Ne 
2 
ree Le -(#*) IiZq (104) 
Ne Ne 
Ei, =ept+es—1i(Zp+Zs) 


2 
= ~1| (#*) Zrtte+Zs| 


2 
Zs6= (=) Zrt+Zpt+Zs. 


2 


Expressing Zp, Zs and Zr in terms of impedances be- 
tween windings as given in Eq. (99): 


tN 209ml 


Zee (1-+m)Zor+( (105) 

The above equation is the impedance between circuits 
5 and 6 in ohms on the circuit 5 voltage base. As Zs; and 
Zag are ohmic impedances on the circuit 4 base, it is con- 
venient to express the circuit 5 to circuit 6 impedance on 
the same base. Dividing by (1+)? 


256 _ Ser Zst 7 ny Zs 

(1+)? l+m m(1+n) (1+)? 
Zz N’- ‘ 
wy v™ Bert way D7 N® “xZes (106) 
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The transformer can be represented by the positive- 
sequence equivalent circuit in Fig. 58(b). The relations 
betwveen the impedances in the equivalent circuit and the 
impedances between circuits can be expressed as follows: 


ZyitZin=Zas 


ZmitZu= L46 (107) 
Zs6 
Sart Zu ons 
Be cs 
Zina at i—Za| 
Z 
Zsa=1| Zt Zu" | (108) 
; Z 7 
ae i 20 oe, Zs | 
N'—1[N’-2 Z 
Z ST 
m= Sa | NI Zest ovi nr Zee 
N’-1 Z 
Z; Z ST 
Mi Oy | pstZpr ren | (109) 
N’-1[ N’+1 Zst 
Vn - 
ue ON? E 12?T Oy Zs | 
N’-1\2 
2u= ("5") Zs 
Z=Zpr (110) 
y= N'Zort x2 s0—(N'—1)Zes 
Nf-1 
N’ \2 
Zps (3) Z4 
Zpr=Lag (111) 
i Z N’ 
Zsr=(N —1)| eu Za| 


In the above equations Zm, Zn, Zui, Z4s and Zag are In 
ohms on the circuit 4 (abe terminals) voltage base. Zss is 
in ohms on the circuit 5 (a’b’c’ terminals) voltage base. 
Zpes and Zp are in ohms on the P winding voltage base 
and Zsr is in ohms on the S winding voltage base. N’ is 
defined as 1+-n:, which is the ratio of line-to-line or line- 
to-neutral voltages between circuit 5 (a’b’c’ terminals) 
and circuit 4 (abe terminals). 

The phase shifts between circuit voltages can be de- 
termined by applying positive-sequence voltages to ter- 
minals abe with the other two circuits open circuited. 
Under these conditions, 


Eaug= ep Eg = ep tes 

Eyg=(1+m) E.g=N’E.,, which shows that the one 
ideal transformer has an N’ ratio but no phase 
shift. 


€,= Bay! — Eng! = Eng’ (1 —a?) 
CL = Ney = MoH ag 


or M2 _ m 
1 Oe Ta git geet 


Defining as NY, 


—— 530 


(112) 
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The second ideal transformer therefore has an N”’ turns 
ratio and a 30 degree phase shift. 

Negative-Sequence Circuit—A similar analysis 
made with negative-sequence voltages would show that 
the impedances in the equivalent circuit are the same as in 
the positive-sequence circuit, and that the terminal volt- 
ages are related as follows: 


Ed = N’E, 


Ed! =N” Ezet 530, (113) 

The positive- and negative-sequence circuits are there- 
fore identical excepting for the direction of the phase shift 
introduced by the star-delta transformation. 

Zero-sequence circuit—The zero-sequence character- 
istics of the transformer can be obtained as follows: 

1. Apply zero-sequence voltages to terminals abe with 
terminals a’b’c’ connected to ground and the delta opened. 
This permits evaluation of the zero-sequence impedance 
between circuit 4 and circuit 5. 

2. Apply zero-sequence voltages to terminals abe with 
the delta closed and terminals a’b’c’ open circuited. 

3. Apply zero-sequence voltages to terminals a’b’c’ with 
the delta closed and terminals abe open circuited. 

The general procedure in writing the necessary equa- 
tions is similar to that followed in the positive-sequence 
analysis given above, and the zero-sequence analysis in 
section 57. It will be found that the zero-sequence im- 
pedances in the equivalent circuit shown in Fig. 58(d) are 
the same as the positive-séquence quantities, that is, 


Zuo = Zur 
Zy0= Zr (114) 
Zio= Zu 


If the neutral of the autotransformer is ungrounded, the 
zero-sequence equivalent circuit is altered considerably as 
shown in Fig. 60. In this case zero-sequence current flows 
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Fig. 60—Zero-sequence equivalent circuit of an ungrounded 
three-winding autotransformer. 


between terminals abe and a’b’c’ without transformation. 
Current in the S winding is balanced by circulating cur- 
rents in the tertiary, with no current flow in the P winding. 
The zero-sequence impedance is therefore determined by 
the leakage impedance between the S and T windings. 
Applying zero sequence voltages to the abc terminals, with 
the a’b’c’ terminals connected to ground and the tertiary 
closed, 

I=I/=—“h 
nm 


e=1LZ 
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Percent Quantities—The manufacturer normally ex- 
presses transformer impedances in percent on a kva base 
corresponding to the rated kva of the circuits involved. 
These percent values can be converted to ohms by the 
familiar relation 


7 = 1OZ%E* 
kva 


, where (116) 


Z =impedance in ohms. 

2% = impedance in percent. 

kva =3-phase kva rating of circuit. 
= line-to-line circuit voltage in kv. 

Using the nomenclature employed in the derivations, 
10Z 45% EY 
Us 
#4=Iline-to-line voltage, in kv, of circuit 4. 


Z5= , where 


U,= three-phase kva rating of circuit 4. 


Z 35% = impedance between circuits 4 and 5 in per cent on 
kva rating of circuit 4. 


44;= impedance between circuits 4 and 5 in ohms on 
the circuit 4 voltage base. 


Similar relations can be written for the other impedances 
involved. 

It should be noted that the impedances, as used in this 
chapter and in the Appendix, are expressed in terms of the 
voltage or kva rating of the circuit or winding denoted by 
the first subscript. For example Z15 is in ohms on the cir- 
cuit 4 voltage base, whereas Z;, would be in ohms on the 
circuit 5 voltage base. These impedances can be converted 
from one circuit base to another as follows: 


(117) 


The equivalent circuits can be based directly on percent 
quantities as shown in Table 7 of the Appendix. Con- 
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sidering the autotransformer with delta tertiary (case D-1 
in Table 7), the equivalent circuit impedances can be 
obtained from the impedances between circuits as follows: 


4 : 
217% = i] Fiza +2 5% — 2% | 


Us 


(Bs . 
Zito || Lalo Zale | stolc | (18) 


U 
211% = | 20% +57 Fi% —2% 


The resulting impedances will all be in percent on the 
circult 4 kva base. 
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CHAPTER 6 


MACHINE CHARACTERISTICS 


Original Author: 


C. F. Wagner 


EFORE the growth of the public utilities into their 
present enormous proportions with large generating 
stations and connecting tie lines, machine perform- 

ance was largely judged in terms of the steady-state char- 


acteristics. The emergence of the stability problem gave | 


rise to the analysis of the transient characteristics of 
machines and was largely responsible for our present 
knowledge of machine theory. A further contributing urge 
was the need for more accurate determination of short- 
circuit currents for the application of relays and circuit 
breakers. 

The variable character of the air gap of the conventional 
salient-pole synchronous generator, motor, and condenser 
with its concentrated field windings requires that their 
analysis follow a different line from that for machines such 
as induction motors, which have a uniform air gap and 
distributed windings. Blondel originally attacked this 
problem by resolving the armature mmf’s and fluxes into 
{vo components, one in line with the axis of the poles and 
the other in quadrature thereto. When the study of the 
transients associated with system stability was undertaken 
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Fig. 1—Cut-away view of umbrella-type waterwheel 
generator. 
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Fig. 2—Cut-away view of conventional waterwheel generator. 
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this conception was quickly recognized as an invaluable 
tool!-?. Since that time the method has been extended by 
subsequent investigators,?-? notably Doherty and Nickle, 
who introduced into the industry several new constants, 
such as transient reactance and subtransient reactance to 
describe machine performance under transient conditions. 

This chapter treats of the characteristics of synchronous 
and induction machines in the light of the development of 
the past twenty-five years. It will consider steady-state 
and transient conditions for both salient pole and eylin- 
drical rotor machines under both balanced and unbalanced 
conditions. There follows a discussion of the character- 
istics of induction motors under such transient conditions 
as might contribute to the short-circuit current of a system 
and might influence the choice of a circuit breaker. 


I. STEADY-STATE CHARACTERISTICS OF 
SYNCHRONOUS MACHINES 


The two general types of synchronous machines ure the 
cylindrical rotor machine or turbine generator which has 
an essentially uniform air gap and the salient-pole gener- 
ator. Figs. 1 to 5 illustrate the outward appearances and 
cross-sectional views of typical modern machines. 

Typical saturation curves for a hydrogen-cooled turbine 
generator, a waterwheel-generator and a synchronous con- 
denser are shown in Figs. 6, 7, and 8 respectively. 

Because of the necessity of matching the speed of water- 
wheel-generators to the requirements of the waterwheels 


_it is difficult to standardize units of this type. However, 
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Fig. 3—Steam turbine generator installed at the Acme Sta- 
tion of the Toledo Edison Company, 90 000 kw, 85-percent 
power factor, 85-percent SCR., 13 800 volt, 3-phase, 60-cycle. 


great strides have been made with large 3600-rpm con- 
densing steam turbine-generators. These find their great- 
est application in the electric utility industry. Table 1 of 
Chap. 1 gives some of the specifications® for these 
machines. 

The concept of per-unit quantity is valuable in compar- 
ing the characteristics of machines of different capacities 
and voltages. However, care must be exercised in the case 
of generators to use the same reference value for field cur- 


Fig. 4—Cut-away view of hydro- 
gen-cooled turbine generator. 
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Fig. 5—Hydrogen-cooled frequency changer set installed on 
the system of the City of Los Angeles, 60 000 kva; 600 rpm; 
50 cycle—11 500 volts; 60 cycles—13 200 volts. 


rent. Depending upon the application, either the field 
current for rated voltage in the air gap or the actual field 
current for rated voltage, including saturation, is used. 


1. Unsaturated Cylindrical-Rotor Machine Under 
Steady-State Conditions 


The vector diagram of Fig. 9 is the well-known diagram 
of a cylindrical-rotor machine. Consistent with the policy 
of this book, familiarity with this diagram is assumed. Let 
it suffice merely to indicate the significance of the quan- 
tities. The vectors e, and 7 represent the terminal voltage 
to neutral and armature current, respectively. Upon add- 
ing the armature resistance drop, rz, and armature leakage 
reactance drop, ry to ¢:, the vector e; is obtained, which 
represents the voltage developed by the air-gap flux %, 
which leads e1 by 90 degrees. This flux represents the net 
flux in the air gap. To produce this flux a field current, J;, 
is required. The current /, can be taken from the no-load 
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Fig. 6—Saturation curves for typical hydrogen-cooled turbine 
generator. 
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2.0 
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Fig. 7—Saturation curves for typical waterwheel generator. 


saturation curve of Fig. 10 as being the current required 
to produce e;. But, the armature current produces an mmf 
by its so-called armature reaction, which is in time phase 
with it and in terms of the field can be expressed as At. To 
produce the net mmf represented by the current, J, the 
field current must be of such magnitude and the field 
structure must adjust itself to such position as to equal I. 
In other words, J; has now such position and magnitude 
that I; and Ai added in vectorial sense equals /,. The 
triangle OAB, formed by drawing AB perpendicular to7 or 
17 and OB perpendicular to OC, is similar to the triangle 
ODC ; OB has the same proportionality to OC and AB to 
A? as e; has to I;. Neglecting saturation, OB, designated 
as €i, is thus the open-circuit voltage corresponding to the 
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Fig. 8—Saturation curves for typical hydrogen-cooled con- 
denser. 


field current J;; it is the voltage taken from the air-gap line 
of the no-load saturation curve for the abscissa corre- 
sponding to J;. The side AB of the triangle, since it is pro- 
portional to Az and consequently proportional to the arma- 
ture current, can be viewed as a fictitious reactance drop. 
It is called the drop of armature reactance and is desig- 
nated x,t. The reactance drops zy and 2,2 can be com- 
bined into a single term called the synchronous reactance 
drop and there results 


(1) 


It follows from the foregoing that the internal voltage, ei, 
is equal to the vector sum of e, ri and j tut. The field 
current, J, can be determined for any condition of loading 
(neglecting saturation, of course) by merely calculating 
e; and taking J; from the air-gap line of Fig. 10. 

At no load the axis of the field winding, the line OC, leads 
the terminal voltage by 90 degrees. At zero power-factor, 
the vector diagram reduces to that shown in Fig. 11, which 
shows that, except for the effect of the resistance drop, the 
foregoing statement would still be true. As rz is only about 
one or two percent in practical machines, the statement 


Lg =X+La 


Fig. 9—Vector diagram of cylindrical-rotor machine. 
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10—No-load and full-load zero power-factor character- 
istics of a generator. 


Fig. 


i 
Fig. 11—Vector diagram of cylindrical-rotor generator at zero 
power-factor. 


can be accepted as truce for all practical purposes. How- 


ever, as the real load is applied to the machine the angle 6. 


increases from zero and the lead of OC ahead of e; increases 


from 90 degrees to 90 degrees plus 5. The angle 6 is a real_ 


angle; it can be measured without much difficulty. — 

“Tt is convenient for some purposes to resolve the reac- 
tions within the machine into two components, one along 
the axis of the field winding and the other in quadrature 
thereto. In Fig. 9, the armature current is divided into 
the two components, t4, and, 74, in which the subscripts are 
significant of their respective components. When this is 
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done, it can be seen that 2,7 can likewise be thought of as 
arising from the two components of 7 in the form of Zaata 
and Zagtq, respectively, in leading quadrature to 74 and iq. 
In the case of.a_cylindrical rotor machine, %a4 and Zag are 
both equal to x, but a case will soon be developed for which” 
they are not equal. 

The synchronous reactance, ta, can be obtained most 
conveniently from the no-load curve and the full-load zero 
power-factor curve. In Fig. 10 OA is the field current 
required to circulate full-load current under short-circuit 
conditions, the terminal voltage being zero. In this case 
all of the internal voltage (the rz drop can be neglected 
justifiably) must be consumed as synchronous reactance 
drop (xa) within the machine. If there were no saturation, 
the internal voltage can be determined by simply reading 
the terminal voltage when the short-circuit is removed, 
maintaining the field current constant ‘WiearwWhife. This 
voltage would in Fig. 10 be equal to AB. Thus the un- 
saturated synchronous reactance per phase is equal to the 
phase-to-neutral voltage AB divided by the rated current. 
When the saturation curve is expressed in per unit or per- 
cent it is equal to AB; but where expressed in generator- 


Tei 
Lite 
Lisi 
in percent or —— T in per unit. 
fg 


2. Unsaturated Salient-Pole Machine Under Steady- 
State Conditions 


Given the proper constants, the performance of an un- 
saturated salient-pole machine at zero power-factor is the 
same as for a uniform air-gap machine. For other power- 
factors, conditions are different. A vector diagram for such 
machines is shown in Fig. 12. As before e, and z are the 


Fig. 12—Vector diagram of salient-pole machine. 


terminal voltage to neutral and the armature current, 
respectively, and e¢; is the “voltage behind the leakage 
reactance drop.” The flux ® is required to produce e;. This 
flux can be resolved into two components ®, and ®,. The 
flux ®y is produced by J: and Aza, the direct-axis com- 
ponent of Az, and ®, is produced by Az, the quadrature- 
axis component of Az. Here the similarity ceases. Because 
of the saliency effect, the proportionality between the 
mmf’s and their resultant fluxes is not the same in the two 
axes. When saturation effects are neglected ®, can be re- 
garded as made up of a component produced by /¢ acting 


4 


FUNDAMENTAL COMPONENT 


mmt e : OF FLUX 
(a) 


Fig. 13—Flux resulting from a sinusoidal mmf in 


(a) direct axis, 
(b) quadrature axis. 


alone and a component produced by Aza. The component 
produced by J; can be regarded as producing the internal 
voltage ea. The mmf produced by Aty has a general sinu- 
soidal distribution in the direct axis as shown by Fig. 13(a). 
‘The resultant flux because of the variable reluctance of the 
air gap has the general shape indicated. It is the sinusoidal 
component of this flux that is effective in producing the 

aaa ta drop shown in Fig. 12. In the quadrature axis, the 
component of mmf is likewise sinusoidal in nature as shown 
in Fig. 13b, and gives rise to the distorted flux form. In 
proportion to the mmf the sinusoidal component of flux is 
much less than for the direct axis. The effect of this com- 
ponent is reflected in the xq tq drop of Fig. 12. In general 
aq is much smaller than aa. aes) 

The armature resistance and leakage reactance drops 
can ulso be resolved into its two components in the two 
axes much as x,t of Fig. 9 was resolved. When this is done 
the internal voltage eq can be obtained by merely adding 
rig and ri, and then j %q%q and j ra ta to the terminal voltage 
¢. The notation eq is used to differentiate the internal 
voltage in this development from that used with the 
cylindrical rotor machine theory. 

Another form of the vector diagram of the machine is 
presented in Fig. 14, which shows much better the relation 
between those quantities that are most useful for calcula- 
tion purposes. If from B the line BP of length zq7 is drawn 
perpendicular to 7, then since angle CBP is equal to +4, 
the distance BC is equal to xz cos (6+4), or %qlq. By 
comparing this line with the corresponding line in Fig. 12, 
it can be seen that the point P determines the angle 6. This 
relation provides an easy construction for the determina- 
tion of the angle 6 having given the terminal voltage, the 
‘iwmature current, and the power-factor angle, ¢. Further, 


Fe 
H 
' 


Fig. 14—Determination of internal angle, 5, and excitation of 
an unsaturated salient-pole machine when loading is known. 
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the projection of BF upon OG is equal to ruta so that OG 
becomes equal to ea, the fictitious internal voltage, which 
is proportional to J¢. 

The armature resistance is usually negligible in deter- 
mining either the angle 6 or the excitation and for this case 


é, SIN 6b =Aqlq=Xql cos(H+6) (2) 
Upon expanding the last term and solving for 6 
qi COS P_ 
€:+Xqt sin 
From Fig. 14, the internal voltage 
Cu=e, COS O+2q2 sin (6+) (4) 


The unsaturated synchronous reactance, ta, can be de- 
termined from the no-load and full-load zero pow er-factor 
curves just as for the machine with uniform air gap. The 
quadrature-axis synchronous reactance is not obtained so 


tan 6= (3) 


FOR SIGNIFICANCE OF QUANTITIES IN PARENTHESES REFER TO FIG.18 


Fig. 15—Determination of internal angle, 6, and excitation 
of a saturated salient pole machine when loading is known. 


easily but fortunately there is not as much need for this 
quantity. It can be determined from a test involving the 
determination of the angular displacement of the rotor as 
real load is applied to the machine and the use of Eq. (2), 
which gives 
é, sin 6 

t cos (+64) 
or it can be determined by means of a slip test. The slip 
test is described in the A.[.E.E. Test Code for Synchronous 
Machines” of 1944 for a determination of rq. The test for 
the determination of x, is identical except that the mini- 
mum ratio of armature voltage to armature current is used. 


XLq = 


(5) 


3. Saturation in Steady- -State Conditions 


: Short- circuit, ratio‘ls a term used to give a measure of the 
relative strengths of the field and armature ampere turns. 
It is defined_as the ratio of the field current required to 
produce rated armature voltage at no load to ‘the field 
current required to circulate rated armature current. with 
the armature short-circuited. In Fig. 10 the SCR is equal 

- -+ 
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reciprocal of the synchronous impedance, Zu. 

It is impossible to specify the best specific SCR for a 
given system. In the past it has been the practice in Eu- 
rope to use somewhat smaller SCR’s than was the practice 
in this country. In recent years, however, the trend in this 
country has been toward smaller values. The Preferred 
Standards for Large 3600-rpm eno ensine Steam Turbine- 
Generators” specifies SCR of 0.8. put 

The desire for smaller SCR’s springs from the fact that 
the cost is smaller with smaller SCR. On the other hand, 
static stability is not as good with smaller SCR. Regula- 
tion is also worse but both of these effects are alleviated in 
part by automatic voltage regulators. For most economical 
design a high SCR machine usually has a lower ra’. There- 
fore, both because of its lower x4’ and higher WR? a high 
SCR has a higher transient stability. This is not usually 
a significant factor particularly in condensing turbine ap- 
plications, because transient stability is not of great im- 
portance in the systems in which they are installed. It 
may be quite important for hydro-generators; the Boulder 
Dam machines, for example, are designed for SCR’s of 
2.4 and 2.74. 

The effects of saturation arise primarily in the deter- 
mination of regulation. Tests indicate that for practical 
purposes both the cylindrical rotor and the salient-pole 
machine can be treated similarly. Consideration will be 
given first to the characteristics for zero-power-factor load- 
ing. Fig. 11 shows that for zero power-factor, the rz drop 
of the machine is in quadrature to the terminal voltage 
and internal drop and can have little effect upon regulation. 
It will therefore be neglected entirely. 

The determination of the rated-current zero-power- 
factor curve can be developed as follows. Take any ter- 
minal voltage such as MN of Fig. 10. The voltage behind 
leakage reactance is obtained by adding to this voltage the 
leakage reactance drop, SR, which gives the line PQ. The 
distance PR then gives the field current necessary for 
magnetizing purposes. In addition, however, field current 
is required to overcome the demagnetizing effect of the 
armature current. This mmf is represented on the curve 


to 


When no saturation is present it is simply the 


by the distance ST, giving MT as the field current required, 
to produce the terminal voltage OM with rated current 


in the armature. Other points on the rated-current 
zero-power-factor curve can be obtained by merely 
moving the triangle RST along the no-load saturation 
curve. . 

Upon sliding the triangle RST’ down to the base line, it 
can be seen that the total field current required to circulate 
rated current at short circuit which is represented by the 
point A, can be resolved into the current OD necessary to 
overéoite leakage reactance drop and the current DA re- 
quired to overcome demagnetizing effects. Neither leakage 
reactance nor the field equivalent of armature current are 
definite quantities in the sense that they can be measured 
separately. They may be calculated but their values are 
dependent upon the assumptions made for the calculations. 
Synchronous reactance, xa, is a definite quantity and is 
equal to the distance AO expressed in either per unit or 
percent. When either x; or 2, is assumed, then the other 
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becomes determinable from iq 
just discussed. 

The foregoing analysis is not strictly correct, as it neg- 
lects certain changes in saturation in the pole structure. 
The leakage from pole to pole varies approximately pro- 
portional to the field current and the point 7 was deter- 
mined upon the basis that this leakage was proportional 
to the field current WS. The increased field leakage at the 
higher excitation produces greater saturation in the field 
poles and this in turn increases the mmf required to force 
the flux through the pole. The net effect is to increase the 
field current over that determined by the method just 
discussed causing the two curves to separate more at the 
higher voltages. 

The concept of the determination of the curve of rated 
current at zero-power-factor by the method just described 
is valuable and in an attempt to retain the advantages of 
this method the concept of Potier reactance, xp, is intro- 
duced. The Potier reactance is the reactance that, used in 
a triangle of the general type described, will just fit be- 
tween the two curves at rated voltage. It can be deter- 
mined from test curves, see Fig. 16, by drawing DE equal 


. (1) or from the triangle 


TERMINAL VOLTAGE 


1°] Cc A 


FIELD CURRENT 


Fig. 16—Zero power-factor characteristics of generator. 


to OA and then EF parallel to OB. The distance FG is 
then the Potier reactance drop. Potier reactance is thus a 
fictitious reactance that gives accurate results for only one 
point, the point for which it is determined. For most ma- 
chines it is sufficiently accurate to use the one value ob- 
tained at rated voltage and rated current. Potier reactance 
decreases with increased saturation. Sterling Beckwith” 
proposed several approximations of Potier reactance, the 
two simplest are: 


Zp =2,+0.63 (24! —2)) 
and 
tp =0.8 xa’. % 


For other loads at zero-power-factor, the conventional 
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method is to divide the lines BA and FD of Fig. 16 in 
proportion to the armature current. Thus for three-fourths 
rated current the regulation curve would be the line H./ in 
which BH and FJ are three-fourths of BA and FD, 
respectively. 

For power-factors other than zero, several methods are 
available to determine the regulation. They all give sur- 
prisingly close results, particularly at lagging power- 
factors. The problem may take either of two forms; the 
determination of the terminal voltage when the load cur- 
rent, load power-factor, and excitation are given, or the 
determination of the excitation when the load current, load 
power-factor, and terminal voltage are given. The resist- 
ance drop is so small that it is usually neglected. 

(a) Adjusted Synchronous Reactance Method*— 
This method utilizes the no-load and the rated-current 
zero-power-factor curves. To obtain the excitation at any 
other power-factor for rated current, an arbitrary excita- 
tion is chosen such as OC of Fig. 17. The no-load voltage 
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Fig. 17—Determination of regulation curves for power-factors 
other than zero by the ‘adjusted synchronous reactance 
method.”’ 


CA is then regarded as an internal voltage and the distance 
‘B as an internal drop of pure reactance, which is laid off 
In proper relation with the terminal voltage as indicated 
by the power-factor of the load. The construction is as 
follows: The adjusted synchronous reactance drop AB is 
laid off to make an angle with the X-axis equal to the 
Power-factor angle. A line equal to the distance AC is then 
Scribed from the point A until it intercepts the Y-axis at 
“Described as Method (c) Para. 1.540 in Reference 10. 
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Fig. 18—Determination of excitation, including the effects of 
saturation. 


the point F. The vertical distance OF is then the terminal 
voltage for the particular excitation. Following this pro- 
cedure another excitation is chosen and the construction 
repeated from which the dotted line is obtained. The inter- 
section of the line with the normal voltage gives the excita- 
tion for the desired power-factor at rated load. If the 
machine is not operating at rated current, the zero-power- 
factor curve corresponding to the particular current should 
be used. 

(b) General Method—For lack of a better name this 
method has been called the “‘General Method.” It is based 
upon the assumption that saturation is included by reading 
the excitation requirements from the no-load saturation 
curve for a voltage equal to the voltage behind the Potier 
reactance drop. 

The method is described in Fig. 19 with all terms ex- 
pressed in per unit. The voltage, e,, is the Potier internal 
voltage or the voltage behind the Potier reactance drop. 


Fig. 19—Determination of field current for round rotor 
machine with saturation included by adding s in phase 
with e,. 
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The distance jk represents the synchronous reactance drop, 
tal. If there were no saturation the synchronous internal 
voltage would be Ok. When using per unit quantities 
throughout this is also equivalent to the field current. 
This method includes the effect of saturation by simply 
adding s; the increment in field current for this voltage in 
excess of that required for no saturation, to Ok in phase 
with e,, giving as a result, Oh. When per unit quantities 
are not used the construction is a little more complicated. 
It involves the construction of e, separately so that s can 
be obtained in terms of field current. This quantity is then 
added to the diagram for no saturation in terms of the field 
current. In Fig. 18, first lay off from the terminal voltage, 
Oa, and then the x, drop ac at an angle with the horizontal 
equal to the power-factor angle. Oc then represents e,. By 
scribing this back to the ordinate and reading horizontally, 
the excitation corresponding to this voltage is obtained. 
The effect of saturation is introduced by the distance s. 
The field current required if there were no saturation is 
obtained by the construction Oj and jk where O7 represents 
the excitation, ap, required to produce the terminal voltage 
at no load and jk the excitation, ot, for the synchronous 
reactance drop, read from the abscissa. These vectors 
correspond to & and jk, respectively, in Fig. 19 except 
that they are in terms of field current. If kh, equal to the 
saturation factor, s, is added along a line parallel to Oc, 
the total excitation OA is obtained. 

(c) Round Rotor Potier Voltage Method*—This 
method is the same as (b) except that the effect of satura- 
tion s, in Fig. 18 is, for the sake of simplicity laid off along 
Ok, making om the desired excitation. As can be seen, 
there is little difference between those two methods. This 
method gives the best overall results, especially at leading 
power factors. The particular name of this method was 
assigned to distinguish it from the next method. 

(d) Two-Reaction Potier Voltage Method—This 
method is similar to that of (c), except that the two-reac- 
tion method of construction shown in Fig. 14 is used to 
determine the excitation before including the saturation 
factor s. Fig. 15 shows the entire construction, For the 
sake of comparison with other methods, the construction 
is also shown in Fig. 18. The construction is the same as 
(c) except that the line Og is made to pass through the 


point ginstead of k. This arises because x, is smaller than za. 


4. Reactive Power Capacity 


The capacity of a synchronous machine to deliver re- 
active power is dependent upon the real power that it 
delivers. Two limitations from the heating standpoint are 
recognized: (1) that due to the armature, and (2) that due 
to the field. Figure 20 shows the reactive power capability 
of a standardized 3600-rpm steam turbine-generator. Real 
power is plotted as abscissa and reactive power as ordinate. 
All the curves are arcs of circles. The line centering about 
the origin represents the limit imposed by the condition of 
constant armature current whereas the other are by con- 
stant field current. With regard to the latter, the generator 
can be likened to a simple transmission line of pure react- 
ance, ta, With the receiver voltage held at a constant value, 
e,, the terminal voltage of the generator, and with the 

*Described as Method (a) Para. 1.520 in Reference 10, 
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Fig. 20—Reactive power capacity of steam turbine generator 
20 000 kw, 23 529 kva, 0.85 p.f., 0.8 SCR, at 0.5 psig hydrogen. 


sending voltage held at a constant value eg. As shown in 


Chaps. 9 and 10 the power circle of a line of such character- 

“aii , ; F : : e.? 

istics has its center in the negative reactive axis at = and 
d 


its internal voltage, ea, must be such that its radius, ads 
: Za 
passes through the point of rated real power and rated 
reactive power. Actually, however, the center is usually 
located at a point equal to (SCR) times (rated kva). This 
is to take care of saturation effects. Since, however, with 
gone od Z 
no saturation 738 equal to SCR, it can be seen that for 
d 
this condition both relations reduce to an equivalence. 
The leading kvar capacity (underexcited) of air-cooled 
condensers is usually about 50 percent of the lagging kvar 
capacity but for hydrogen-cooled condensers about 42 
percent. 


II. THREE-PHASE SHORT CIRCUIT 

In addition to its steady-state performance, the action 
of a machine under short-circuit conditions is important. 
The presence of paths for flow of eddy currents as provided 
by the solid core in turbine generators and by the damper 
windings in some salient-pole machines makes the treat- 
ment of these machines, from a practical viewpoint, less 
complicated than that for salient-pole machines without 
damper windings. For this reason the three-phase short- 
circuit of these types of machines will be discussed first. 
Armature resistance will be neglected except as it influences 
decrement factors. 
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5. Three-phase Short-Circuit of Machines with 

Current Paths in Field Structures 

Consideration will be given to a simultaneous short- 
circuit on all phases while the machine is operating at 
no-load normal voltage without a voltage regulator. 

The general nature of the currents that appear is shown 
in Fig. 21. They can be divided into two parts: 

a, An alternating component in the armature and as- 
sociated with it an unidirectional component in the field. 
These two components decay or decrease together with the 


LFIELO CURRENT 


/ 


ARMATURE CURRENTS 


SSP ECUP AR Ra OO 


Fig. 21—Three-phase short circuit in salient-pole machine 
with damper windings. 


same time constants. The alternating armature component 
cin be regarded as being produced by its associated uni- 
directional component in the field. All phase components 
of the alternating current are essentially the same except 
that they are displaced 120 electrical degrees.* oe t 

b. An unidirectional component in the armature‘and an 
wternating component in the field or in the damper wind- 
ings. In this case, likewise, the alternating current in the 
field winding can be regarded as produced by the uni- 
directional component in the armature. 


6. Alternating Component of Armature Current 


This component can in turn be resolved into several 
‘omponents, the r.m.s. values of which are shown in Fig. 
22. They are: 


i. The steady-state component 
b. The transient component 
c. The subtransient component 


Hach of these components will be discussed separately. 

Steady-State Components—The steady-state com- 
Ponent, as its name implies, is the current finally attained. 
Because of the demagnetizing effect of the large short- 
“ircult current, the flux density within the machine de- 
Creases below a point where saturation is present. Satura- 
wee machine used in this case was a salient-pole machine. As 
ite later, such machines also contain a second harmonic 
ae sri of current.. This type of machine was chosen to show 

arly the presence of field and damper currents. 
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Fig. 22—Symmetrical component of armature short-circuit 
current (three-phase short circuit from no-load rated volt- 
age). Values are rms. 


tion is important only as it affects the field current neces- 
sary to produce normal voltage at no load. The steady- 
state value of short-circuit current is thus equal to the 
line-to-neutral voltage read from the air-gap line for the 
value of field current required to produce normal voltage 
divided by the synchronous reactance in ohms. 

Transient Component—If the excess of the symmet- 
rical component of armature currents over the steady-state 
component be plotted on semi-log paper, it can be seen 
that this excess, except for the first few cycles, is an ex- 
ponential function of time (the points lie in a straight line). 
Extending this straight line back to zero time and adding 
the steady-state component, the so-called transient com- 
ponent, 74’, or armature current is obtained. This compo- 
nent is defined through a new reactance, called the transient 
reactance by means of the expression 


: 1 __ Grated 
la = 7 
va 


The manner in which this quantity is related to the ex- 
ponential and steady-state terms is shown in Fig. 22. 

In discussing this component, the presence of the 
damper-winding currents of salient-pole machines and 
rotor eddy currents of turbine generators can, for the 
moment, be neglected. Before short-circuit occurs the flux 
associated with the field windings can be broken up into 
two components (see Fig. 23), a component © that crosses 
the air gap and a component ®), a leakage flux that can 
be regarded as linking all of the field winding. Actually, 
of course, the leakage flux varies from the base of the pole 
to the pole tip. The flux ®) is so weighted that it produces 
the same linkage with all the field turns as the actual leak- 
age flux produces with the actual turns. It is approximately 
proportional to the instantaneous value of the field current 
f;. The total flux linkages with the field winding are then 
those produced by the flux (6+,). As the field structure 
rotates, a balanced alternating voltage and current of nor- 
mal frequency are produced in the armature. Because the 
armature resistance js relatively small, its circuit can be 
regarded as having a power-factor of zero. The symmet- 
rical current thus produced develops an mmf that rotates 
synchronously and has a purely demagnetizing, as con- 
trasted with cross magnetizing, effect on the field fluxes. 

It is a well-known fact that for the flux linkages with a 
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Fig. 23—Air-gap and leakage fluxes at no load. 


circuit to change instantly, an infinitely large voltage is 
necessary and the assumption is justified that, for the tran- 
sition period from the no load open-circuited condition to 
the short-circuited condition, the flux linkages with the field 
winding can be regarded as constant. This is equivalent to 
saying that the flux (®+,) remains constant. In order 
that this flux remain constant in the presence of the de- 
magnetizing effect of the armature current, it is necessary 
that the field current /; increase to overcome the demag- 
netizing effect of the armature current. If J; increases then 
®,, which is proportional to it, must likewise increase. It 
follows then that ® must decrease. Consideration of the 
steady-state conditions has shown that the air-gap voltage, 
1, is proportional to the air-gap flux ®. The armature 


If @ and 


consequently e; had remained constant during the transi- 
tion period, then the transient component of short-circuit 
current would be merely the no-load voltage before the 
short-circuit divided by the leakage reactance and the 
transient reactance would be equal to the armature leakage 
reactance x1. However, as just shown, the air-gap flux 
decreases and, therefore, the armature current is less. It 
follows then that the transient reactance must be greater 
than the armature leakage reactance. It is a reactance 
that includes the effect of the increased field leakage 
occasioned by the increase in field current. 

Under steady-state conditions with no saturation, the 
armature current can be viewed as produced by a fictitious 
internal voltage equal to ra ta whose magnitude is picked 
from the air-gap line of the no-load saturation curve for 
the particular field current. At the first instant of short- 
circuit, the increased armature current, 74’, can likewise be 
viewed as being produced by a fictitious internal voltage 
behind synchronous reactance, whose magnitude is rata’ or 


: Z aia 3 é) 
current for short-circuit conditions is equal to —. 
nal 


nae, if the short-circuit be from rated voltage, no load. 
d 

This voltage provides a means for determining the initial 
value of the unidirectional component of field current by 
picking off the value of J+ on the air-gap line of the no-load 
saturation curve corresponding to this voltage. If it were 
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possible to increase the exciter voltage instantaneously to 
an amount that would produce this steady-state field cur- 
rent, then this component of short-circuit current would 
remain sustained. It is important to BES the significance 
of this trttth. There is alw ays a constant proportionality 
between the alternating current in the armature and the 
unidirectional (often called direct-current) component of 
current in the field winding, whether the operating condi- 
tion be stcady-state or transitory. 

The initial value of armature current, as stated, grad- 
ually decreases to the steady-state and the induced current 
in the field winding likewise decreases to its steady-state 
magnitude. The increments of both follow an exponential 
curve having the same time constant. Attention will next 
be given to considerations affecting this time constant. 

If a constant direct voltage is Sitdenty” applied to the 
field of a machine with the armature open-circuited, the 
current builds up exponentially just as for any circuit hav- 
ing resistance and inductance in series. The mathematical 
expression of this relation is: 


t 
fa [1-75 | (6) 


éx is the exciter voltage. 

r; is the resistance of the field winding in ohms. 

Té is the open-circuit transient time constant of the 
machine or of the circuit in question in seconds. 

¢ is time in seconds. 


in which 


The time constant is equal to the inductance of the field 
winding divided by its resistance. In the case of the short- 
circuited machine, it was shown that at the first instant 
the flux linkages with the field winding remain the same 
as for the open-circuit condition, but that the direct com- 


. Td). 
ponent of field current increases to —; times the open- 
d 


circuit value before short-circuit. Since inductance is 
defined as the flux linkages per unit current, it follows 
then that the inductance of the field circuit under short- 


ee Za’ ,. eee 
circuit must equal times that for the open-circuit con- 
d 


dition. The short-circuit transient time constant, that is, 
the time constant that determines the rate of decay of the 
transient component of current must then equal 


? 
T,'="!T',, in seconds 
La 
The component of armature current that decays wa 
this time constant can then be expressed by 


(tq! = ta) € “Ty 


When ¢ is equal to Ty’ the magnitude of the component 
has decreased to e~! or 0.368 times its initial valle: This 
instant is indicated in Fig. 22. : 

Subtransient Component—In the presence of damp- 
er windings or other paths for eddy currents as in turbine 
generators, the air-gap flux at the first instant of short- 
circuit is prevented from changing to any great extent 
This results both from their close proximity to the air gap 
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and from the fact that their leakage is much smaller than 
that of the field winding. Consequently, the initial short- 
circuit currents of such machines are greater. If this excess 
of the symmetrical component of armature currents over 
the transient component is plotted on semi-log paper, the 
straight line thus formed can be projected back to zero 
time. This zero-time value when added to the transient 
component gives the subtransient current, t4''. This sub- 
transient current is defined by the subiransient reactance in 
the expression 


. Cra: e 
id’ = ae 
The subtransient reactance approaches the armature leak- 
age differing from that quantity only by the leakage of the 
damper windings. 

Since the excess of the armature currents represented 
by the subtransient components over the transient com- 
ponents are sustained only by the damper winding cur- 
rents, it would be expected that their decrement would be 
determined by that of the damper winding. Since the 
copper section of this winding is so much smaller than 
that of the field winding, it is found that the short-circuit 
subtransient time constant, 7'4’’,) is very small, being 
about 0.05 second instead of the order of seconds as is 
characteristic of the transient component. The component 
of armature current that decays with this time constant is 
(iy’’ iq’) and can be expressed as a function of time as 

t 
(id! -id) €. Ty” 


Thus the time in seconds for this component to decrease 
to 0.368 times its initial value gives T'4’’ as indicated in 
Fig. 22. 

Tests on machines without damper windings show that 
because of saturation effects, the short-circuit current even 
in this case can be resolved into a slow transient component 
and a much faster subtransient component. The influence 
of current magnitudes as reflected by saturation upon the 
transient and subtransient reactance is discussed in more 
detail under the general heading of Saturation. 


7. Total Alternating Component of Armature Cur- 
rent 


The total armature current consists of the steady-state 
value and the two components that decay with time con- 
stants 7a’ and Ty’. It can be expressed by the following 
equation 

aoe it 

tee (tg —tae T+ (id —tge Ta’ +44 (7) 
The quantities are all expressed as rms values and are equal 
but displaced 120 electrical degrees in the three phases. 


8. Unidirectional Component of Armature Current 


To this point consideration has been given to flux link- 
’ges with the field winding only. The requirement that 
ryaiee linkages remain constant at transition periods de- 
€rmined the alternating component of armature current. 
ee these components in the three phases have a phase 

splacement of 120 degrees with respect to each other, 


Machine Characteristics 155 


only one can equal zero at a time. Therefore at times of 
three-phase short-circuits, the alternating component of 
current in at least two and probably all three phases must 
change from zero to some finite value. Since the armature 
circuits are inductive, it follows that their currents cannot 
change instantly from zero to a finite value. The “theorem 
of constant flux linkages” must apply to each phase sepa- 
rately. The application of this theorem thus gives rise to 
an unidirectional component of current in each phase equal 
and of negative value to the instantaneous values of the 
alternating component at the instant of short circuit. In 
this manner the armature currents are made continuous as 
shown in Fig. 24. Each of the unidirectional components 


SYMMETRICAL 
COMPONENT 


Fig. 24—The inclusion of. a d-c component of armature 
current whose existence is necessary to make the armature 
current continuous at the instant of short circuit. 


in the three phases decays exponentially with a time con- 
stant 7’,, called the armature short-circuit time constant. 
The magnitude of this time constant is dependent upon 
the ratio of the inductance to resistance in the armature 
circuit. As will be shown the negative-sequence reactance, 
x2, of the machine is a sort of average reactance of the 
armature with the field winding short-circuited, so that it 
is the reactance to use in determining 7’,. There exists then 
the relation 
x2 


T= in seconds (8) 
Q27fTr a 


in which r, is the d-c resistance of the armature. The 
quantity 2xf merely converts the reactance to an induc- 
tance. 

The maximum magnitude which the unidirectional 


PROJECTION AXIS FOR PHASE b 


FOR PHASE oa 


ip +/FOR PHASE ¢ 
(a) (b) 
Fig. 25—Representation of instantaneous currents of a three 


phase system. (a) Three separate vectors projected on x-axis, 
(b) Single vector projected on three axes. 
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component can attain is equal to the maximum of the 
alternating component. Therefore, 


Tde(max-) = 4/2 eae (9) 

Ud 
A symmetrical three-phase set of currents can be repre- 
sented as the projection of three equal-spaced and equal 
length vectors upon a stationary reference, say the real 
axis. They can also be represented as the projection, as it 
rotates, of one vector upon three stationary axes, spaced 
120 degrees. These axes can conveniently be taken as 
shown in Fig. 25, as the horizontal-axis and two axes hav- 
ing a 120-degree relation therewith. Since the initial mag- 
nitude of the unidirectional components are the negatives 
of the instantaneous values of the alternating components 
at zero time, then the unidirectional components can be 
represented as the projection of a single vector onto the 
three equal-spaced axes. This fact is used at times to 
determine the maximum magnitude which the unidirec- 
tional component can attain. By its use it is unnecessary 
to await a test in which the maximum happens to occur. 
This method is in error, however, for machines in which 

Zq’ and xa” are radically different. 


9. Total RMS Armature Current 
The rms armature current at any instant is 
V te? + ta0 


The minimum current thus occurs in the phase in which 
the unidirectional component is zero and the maximum 
occurs when the unidirectional component is a maximum, 
that is, when maximum dissymmetry occurs. Since the 
maximum value that the unidirectional component can 


attain is ~/2 Grated then 


xa” , 


. -_ V 2€ rated 2 Crated *L/glrated 
trms (max) = al" =F zal" > er 


Of course, a rms value as its name implies, is an average 
quantity and is usually taken over a cycle or half cycle 
of time. The foregoing expression assumes that both the 
alternating and the unidirectional components do not de- 
crease, because of the natural decrement, during the first 


(10) 


cycle. In reality the decrement is usually sufficient to: 


make the effect noticeable. In applying circuit breakers 
it is usual to use a factor 1.6 instead of 1/3. This factor 
includes a small decrement. 


10. Effect of External Impedance 


If the short-circuit occurs through an external imped- 
ance Text +J ext, and Text 1S not too large, their effect can 
be introduced by merely increasing the armature constants 
by these amounts. Thus the components of short-circuit 
current become 


“ Crated 
id’? = (11) 
Ld +Lext 
: € rated 
id =————. (12) 
Ld text 
- _ airgap at no load (13) 


Lat Lext 
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The short-circuit time constant is affected in a similar 
manner 


T 7 _ a tone 
¢=——_— 
Lat Lext 


For the armature time constant, the external reactance 
must he added to the negative-sequence reactance of the 
machine and the external resistance to the armature resist- 
ance of the machine. The expression then becomes 


(14) 


Ta in seconds 


T = a+ Lext 
* Qaf (ra text) 
Because of the much lower ratio of reactance to resistance 
in external portions of circuits, such as transformers or 
transmission lines, in the vast majority of cases 7, for 
faults out in the system is so small as to justify neglecting 
the unidirectional component of current. 


in seconds (15) 


11. Short Circuit from Loaded Conditions 


The more usual case met in practice is that of a short- 
circuit on machines operating under loaded conditions. As 
before, the short-circuit current in the armature can be 
divided into two components, a symmetrical alternating 
component, and a unidirectional component. 

Alternating Component—tThe alternating compo- 
nent in turn can be resolved into three components: (1) 
steady state, (2) transient, and (3) subtransient. Each of 
these components will be discussed individually. 

The load on the machine affects the steady-slate com- 
ponent only as it influences the field current before the 
short circuit. The field current can be determined by any 
of the: methods discussed under the heading of “Steady- 
State Conditions.” Saturation will be more important than 
for the no-load condition. The steady-state short-circuit 
current is then equal to the line-to-neutral voltage read 
from the air-gap line for the field current obtained for the 
loaded condition divided by za. 

In the discussion of the determination of the transient 
component from the no-Joad condition, it was stated that 
the quantity that remained constant during the transition 
period from one circuit condition to another, is the flux 
linkages with the field winding. For the short-circuit from 
loaded conditions this same quantity can be used as a basis 
for analysis. Consideration will be given first to a load 
before short circuit whose power factor is zero, lagging, 
and whose current is tax. The flux linkages before short 
circuit will be determined by a superposition method, 
obtaining first the linkages with the field winding for zero 
armature current and any terminal voltage and then the 
flux linkages with armature current, zar, and zero terminal 
voltage. The total flux linkages is the sum of the two 
values so obtained. 

Let ¥: be the flux linkages with the field winding at 
no-load at rated voltage. For any other terminal voltage 
such-as é,, the flux linkages y will be equal to 


et : 


(16) 
C rated : 
By definition the transient reactance of a machine is | 
equal to the reactance which, divided into the line-to- : 
neutral rated voltage, gives the transient component of ; 
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short-circuit current at no-load normal voltage. If this 
short-circuit current is designated as 74/1, then 


oe Crated 


td = es (17) 
Za 


At the instant of short-circuit from no-load at rated volt- 
age, the flux linkages with the field winding, y., remain 
constant. The demagnetizing effect of the armature cur- 
rent is overcome by an increase in the field current. Thus 
the armature current 74, with its associated field current 
which is always proportional to it, can be regarded as pro- 
ducing the flux linkages y with the field winding. For any 
other armature current, 74’, assuming always that the 
armature is short-circuited, the flux Jinkages with the field 
fF 2 
winding are equal to aa vs. Combined with Eq. (17), 
di 
; ais oes : tah : : 
iy, can be eliminated giving y=zy’———. While this 
rated 

expression was derived from considerations applying only 
to the instant of transition, its application is more general. 
The only necessary considerations that must be'satisfied 
are that the armature be short-circuited and that the field 
current contain a component of current to overcome the 
demagnetizing effect of the armature current. But these 
conditions are always satisfied even under steady-state 
conditions of short circuit, so, in general, it is permissible 
to replace ta’ in this expression by 7az. The flux linkages 
with the field winding for the steady-state short-circuit 
ra 

rated 

By application of the superposition theorem, the total 
flux linkages with the field winding can then be regarded 
3 the sum of the flux linkages produced by the terminal 
et 


condition thus become tar 


voltage, namely y1 and those by the armature cur- 


€ rated 


/ 
tent with zero terminal voltage, namely ian vs If the 
rated 


armature current lags the voltage by 90 degrees, then the 
linkages are directly additive, and there results for the 
flux linkages with the field 
- e . Lal 
pa ia 


Crated C rated 


= (e,+2q tar) vs ; (18) 


rated 
Since the flux linkages with the field winding produced 
by a unit of current ta under short-circuit conditions is 


La’ ; 
equal to as then the transient component of short- 
rated 


Fig. 26—Construction for the determination of internal volt. 
ages e;’ and e;’’. 
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circuit current 2’ can be determined by dividing these 
linkages into the total flux linkages just determined. This 
gives 
hz ve - Cette’ tat 

tai Bal 

€ rated 
The numerator of this quantity can be regarded as an 
internal voltage, ea’, which is equal to the terminal voltage 
plus a transient reactance drop produced by the load 
current. 

When the power factor of the loads considered is other 
than zero lagging, the vector sense of current and terminal 
voltage must be introduced. This can be accomplished by 
computing ea’ for the operating condition in the same man- 


(19) 


13 


INTERNAL VOLTAGE 


REACTANCE IN PERCENT 


Fig. 27—-Machine internal voltage as a function of reactance. 
Full-load rated voltage. 


ner that eg was determined in Fig. 14, except that x4 should 
be replaced by za’. The voltage eq’ should then replace 
€.+2%q' tat in (19). However, for nearly all practical pur- 
poses it is sufficiently accurate to replace eq’ by the ampli- 
tude of a quantity e;’, which is usually referred to as the 
voltage behind transient reactance to distinguish it from 
similar internal voltages for which leakage, synchronous 
or subtransient reactance is used. The construction for 
this quantity is shown in Fig. 26 and to assist in the ready 
evaluation of the amplitude the curves in Fig. 27 are 
provided. The transient component of short-circuit current 
is then 


pee 


Xa! 


(20) 


The subtransient component of short-circuit current is 
obtained in a manner similar to the transient component 
except that the subtransient reactance is used in the calcu- 
lation of the internal voltage e;’". For loads of zero-power- 
factor lagging the subtransient reactance drop, xqa’tar, 


158 


caused by the armature current is directly additive to the 
terminal voltage and for zero-power-factor leading directly 
subtractive. For other power-factors e;’’ can be obtained 
from Fig. 27 by using zq’’. The subtransient component of 
short-circuit current is then 


w=, (21) 


Unidirectional Component—In the three-phase 
short-circuit from no load, the unidirectional component 
of current was introduced to prevent a non-continuous 
transition of the instantaneous value of current from the 
no-load to the short-circuit condition. The unidirectional 
current performs a similar role for the short-circuit from 
loaded condition. Before the short-circuit the armature 
current is equal to za, and has some position with reference 
to e, such as shown in Fig. 28. The subtransient com- 


Fig. 28—Showing that ig, for a short circuit from load is equal 
to the negative of «/2 times the difference between i” and i. 


ponent, 2’’, lags e;’’ by ninety degrees so 7” and tax, will be 
determined with respect to each other. The »/2 times the 
vector difference between these two quantities (since they 
are rms magnitudes) gives the unidirectional component 
necessary to produce smooth transition. The magnitude 
of this quantity varies between this amplitude and zero 
depending upon the point in the cycle at which short- 
circuit occurs. 

Other Considerations—Time constants are not influ- 
enced by the nature of loading preceding the short-circuit. 
Total rms currents can be determined by the relations 
already given. 


12. Three-Phase Short Circuit of Salient-Pole Ma- 
chine without Damper Windings 


For most applications it is sufficiently accurate to treat 
the salient-pole machine without damper windings just as 
other machines. It must be recognized, however, that this 
is only an approximate solution. Among other complica- 
tions, in reality a strong second harmonic is present in the 
armature current. Doherty and Nickle® have developed 
expressions for the armature currents for a three-phase 
short circuit from no load. These are given below. 
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é,= Terminal voltage before short-circuit. 7 
“ 
r+24/2q 
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c =Angle which indicates point on wave at which, 
short-cireuit occurs. a 
The instantaneous field current, [4, is * 
a—2d 


t t 
5s 7 Ts [Fe cos anft | + 
d 


la= 
Where 


I;=Initial value of field current. 


(27)' 
F. 


III. UNBALANCED CONDITIONS 
13. Phase Currents for Unbalanced Short Circuits. 


As explained in the chapter relating to Symmetrical; 
Components, the unbalanced operating conditions of a 
rotating machine can for most purposes be described it 
terms of three characteristic constants: the positive-sey 
quence impedance, the negative-sequence impedance, and 
the zero-sequence impedance. The short-circuit currents 
can be resolved, as before, into the steady-state, transient 
and subtransient components. The difference betweet 
these components decreases exponentially as before. The 
components of armature current and the time constants 
for the different kinds of short-circuits are given below fol 
short-circuits at the terminals of the machine. 
For three-phase short-circuit: i 


For terminal-to-terminal short circuit, the a-c components 
of the phase currents are given by 


4 
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ort V/3e;"" v= VJ 3ei' 
ta’ +242 ~ a! +29 
zi Ve; , La +22, n 
eg tu ta Pa = at 2, Pio oy 


in which a is the negative-sequence impedance of the 
machine 

For terminal-to-neutral short circuit, the a-c components 
of the phase currents are given by 


iad Fé 
fits 3e; Pes 36; 
a +4242 Xa! +4242 
3ei ,_ La +t2+20,,, 
t= Ta’ =——_———T0_ (30) 
LatXe+ Xo Latt2+2X 


in which 2 1s the zero-sequence impedance of the machine. 
‘The subtransient time constant, 74’, does not change sig- 
nificantly with different conditions and, therefore, the 
single value is used for all conditions. The unidirectional 
components and the rms values are determined just as 
described under the general subject of “Short Circuit from 
Load.” The above values of e;, e;’ and e;”’ will naturally 
he those values corresponding to the particular load 
condition. 

The ratio of the phase currents for terminal-to-neutral 
to three-phase short circuits can be obtained from Eq’s (30) 
and (28). Thus, for the phase currents 


‘Terminal-to-neutral short circuit 32a” 


‘Three-phase short circuit ~ a’ tae+20 
The negative-sequence impedance, xz, is usually equal to 
xa’, but for many machines zo is less than xq’. For 
these cases, the terminal-to-neutral short-circuit current 


js greater than the three-phase short-circuit current. The’ 


generator standards require that thé machine be”braced 
only for currents equal to the three-phase values. In order 
that the terminal-to-neutral current not exceed the three- 
phase current a reactor should be placed in the neutral of 
the machine of such value as to bring the zero-sequence 
impedance of the circuit equal to xa’. Thus, the neutral 
reactor, %,, should be 


1 
Mrz g(t" — 2) 


-14. Negative-Sequence Reactance 


_ The negative-sequence impedance of a machine is the 
impedance offered by that machine to the flow of negative- 
sequence current. A set of negative-sequence currents in 
the armature creates in the air gap a magnetic field that 
rotates at synchronous speed in a direction opposite to that 
of the normal motion of the field structure. Currents of 
double frequency are thereby established in the field, 
and in the damper winding if the machine has one. The 
Maginary component of the impedance is called the nega- 
live-sequence reactance and the real component the nega- 
live-sequence resistance. These will be discussed sepa- 
Tately, in the order mentioned. 

fa single-phase voltage is applied across two terminals 
of a salient-pole machine without dampers while its rotor 
's Stationary, the resulting current is dependent upon the 
Position of the rotor with respect to the pulsating field set 


Machine Characteristics 159 


up by the armature current. If the axis of the short- 
circuited field winding lines up with the axis of pulsating 
field then the current is large and if the rotor is moved 
through 90 electrical degrees then the current is much 
smaller. The first position corresponds to the case of a 
transformer in which the secondary winding is short- 
circuited, the field winding in this case corresponding to 
the secondary winding of the transformer. This is the 
position in which the subtransient reactance, xa’, is deter- 
mined. It is equal to one-half of the voltage from terminal- 
to-terminal divided by the current. For the second position 
the field winding is in quadrature to the pulsating field 
and consequently no current flows in the field winding. 
The armature current is then determined by the magnetiz- 
ing characteristics of the air gap in the quadrature axis. 
The subtransient reactance, x,’’, is determined when the 
field is in this position and is equal to one-half the quotient 
of the voltage divided by the current. The reactance for 
intermediate positions varies between these two amounts 
in accordance with the curve shown in Fig. 29. 


—t—t_—4 
NEGATIVE SEQUENCE 


Hae BLOCKED-ROTOR METHOD ae 
ee ee ae 


i) 30 60 90 120 


150 180 
ANGULAR POSITION OF ROTOR IN DEGREES 


Fig. 29—Relation between subtransient and negative-se- 
quence reactance. 


When a set of negative-sequence currents is made to flow 
through the armature with the field short-circuited and 
rotating in its normal direction, then the field winding 
takes different positions successively as the armature field 
rotates with respect to it. The nature of the impedances 
in the two extreme positions, that is, where the field wind- 
ing lines up with the magnetic field and where it is in 
quadrature with it, should be somewhat the same as 24” 
and x,’', the only signnificant difference being the fact that, 
in the determination of zq’’ and z,”’, currents of normal 
frequency were induced in the field, whereas, in the nega- 
tive-sequence case the currents are of twice normal fre- 
quency. One would expect therefore that the negative- 
sequence reactance 2 is some sort of a mean between 2u’’ 
and «,’’, and such is the case. According to the AIEE test 
code,' the definition of negative-sequence reactance is 
equal to “the ratio of the fundamental component of re- 
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active armature voltage, due to the fundamental negative- 
sequence component of armature current, to this compo- 
nent of armature current at rated frequency.” A rigorous 
interpretation of this definition results in x, equal to the 


et wt 


< : x, La 
arithmetic mean 


2 
nitions can be given for z2. That this is possible is depend- 
ent largely upon the fact that when a sinusoidal set of 
negative-sequence voltages is applied to the armature the 
currents will not be sinusoidal. Conversely if the currents 
are sinusoidal the voltages will not be. 

In Table 1 are shown expressions" for x2 based upon 
different definitions. This table is based on a machine 
without damper windings for which z,’’ is equal to xq, and 
xa’ is equal to xq’. In this table 


. However, several different defi- 


b= Viq—- Vikqg-V ha 
Vigt Via 


For each test condition it is possible to establish definitions 
based on whether fundamental or root-mean-square cur- 
rents are specified. For example, in the first definition if 
the fundamental component of armature current is used 
in calculating z, then the expression in the first column 
should be used, but if the root-mean-square figure of the 
resultant current is used then the expression in the second 
column should be used. 

In order to orient one’s self as to the relative importance 
of the different expressions, figures have been inserted in 
the expressions given in Table 1 for a typical machine 
having the constants ry’ =35%, rg=70%, and ra= 100%. 
The magnitudes are tabulated in the righthand columns 
of Table 1. From the standpoint of practical application, 
the negative-sequence reactance that would result in the 
proper root-mean-square current for method (3) would 
appear to be the most important. However, the method 
of test to determine this quantity involves a sudden short- 
circuit and from this standpoint proves rather inconveni- 
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where I equals the root-mean-square armature current jn{ 
the short-circuited phase; and EF equals the root-meap.4 
square open-circuit voltage between terminals before the’ 
short-circuit is applied or the no-load voltage correspond} 
ing to the field current at which J is read. 
In general, the same arguments can be applied to otherg 
types of machines such as turbine generators and salient.’ 
pole machines with damper windings when the parameterg¢ 
za’ and 2,"" are used. For such machines the differeneg 
ein tq’ and zy’’ is not great. The values for 2,’ and] 
’’ of a machine with copper dampers are given in Fig. 294 
For such machines the difference between x2 based on the’ 
different definitions of Table 1 will become inconsequential,§ 
In addition, for turbine generators, saturation introduceg 
variables of much greater magnitude than those just cont 
sidered. For these machines negative-sequence reactance! 
can be taken equal to x4”. F 


by the AIEE Code and the ASA whereby m is defined as 
the arvemene mean for za” and x,’ » % can be determined} 


Poe or by the method shown in Fig. 30. 


— a 
E 

b 

-|-— c 


—_— 
L=0 hel 1,5—I Ie=Y%(0+el—al)=" art 


E,x=0 Ey=E Eco=—E Ea=Y4(0+a?E—ak) =" 


ent. On the other hand, the figure for x, obtained from, = Ea ila’ a) 5 aE JE 
bl * a. >" ay 4 aT 
the use of the root-mean-square values in a sustained i V/3 a 3 Ta 13 
single-phase short-circuit current [method (4)], is nearly If @=cos” zr Where P< wattneter vending 
equal to this quantity. When the resistance is negligible 
this negative-sequence reactance is equal to then, a= V3 sin etj cos $)=r+jr2 
nav 3H (31) Fig. 30—Determination of the negative-sequence impedance 
I of symmetrically-wound machines. 
TABLE 1—DEFINITIONS OF NEGATIVE-SEQUENCE REACTANCE 
: : Numerical Values ' 
Analytical Expressions ra! = 35% Zq= 10% Ta= 100% ' 
Definition 
Funda- Funda- Root-Mean- 
mental Root-Mean-Square mental Square ~ 
(1) Application of sinusoidal negative-se- 2ra'Zq Vv 2x4'Lq 47 
quence voltage Eqtzta’ Vx? tra!? 
2) Application of sinusoidal negative-se-) 2qat2u’ ; 
wT ere current 7 : 5) 4 OV (qt 2a')?+9(tqg—24')? 53 74 
(3) Initial symmetrical component of sudden 7. 1 ./, ahi — ted ail 1l_—k 50 48 
single-phase short-circuit current Vitara wa’ VI—B-1) + Vtu'tq VI? 
(4) Sustained single-phase short-circuit current Vv La'Laq ta (V1— 8-1) + V ca’ rq V1—b? 50 47 
(5) Same as (4) with 50% external reactance , 51 : 50 
(6) A.LE.E. and A.S.A. tyt zal 53 
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With the machine driven at rated speed, and with a single- 
hase short-circuit applied between two of its terminals 
(neutral excluded) the sustained armature current and the 
yoltage between the terminal of the free phase and either 
of the short-circuited phases are measured. The reading 
of a single-phase wattmeter with its current coil in the 
short-circuited phases and with the above mentioned volt- 
age across its potential coil is also recorded. The negative- 
sequence impedance equals the ratio of the voltage to the 
current so measured, divided by 1.73. The negative- 
sequence reactance equals this impedance multiplied by the 
ratio of power to the product of voltage and current. 


15. Negative-Sequence Resistance 


The power associated with the negative-sequence cur- 
rent can be expressed as a resistance times the square of 
the current. This resistance is designated the negative- 
sequence resistance. For a machine without damper,wind- 
ings the only source of loss is in the armature and field 
resistances, eddy currents, and iron loss. The copper loss 
in the armature and field is small as is also the iron and 
eddy loss in the armature, but the iron and eddy loss in 
the rotor may be considerable. Copper damper windings 
provide a lower impedance path for the eddy currents and 
hinder the penetration of flux into the pole structure. The 
relatively low resistance of this path results in a smaller 
negative-sequence resistance than if the flux were per- 
mitted to penetrate into the rotor. For higher resistance 
damper windings the negative-sequence resistance increases 
to a point beyond which the larger resistance diminishes 
the current in the rotor circuits sufficiently to decrease 
the loss. 

Induction-Motor Diagram—The nature of the neg- 
ative-sequence resistance is best visualized by analyzing 
the phenomena occurring in induction motors. In Fig. 31 


Fig. 31—Equivalent circuit of induction motor. 


8 ates the usual equivalent circuit of an induction motor 
In which 


r,=stator resistance. 

7,=stator-leakage reactance at rated frequency. 

T,=rotor resistance. 

7,=rotor-leakage reactance at rated frequency. 

3m=shunt impedance to include the effect of magnetiz- 
Ing current and no-load losses. 

E,= applied voltage. 

!,=stator current. 


=rotor current. 
s=slip. 


i justification for this diagram is shown briefly as 
Ows: The air-gap flux created by the currents J, and J, 
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induces the voltage H, in the stator and sE, in the rotor. 
In the rotor the impedance drop is 


Pole getels (32) 


since the reactance varies with the frequency of the cur- 
rents in the rotor. The rotor current is therefore deter- 
mined by the equation 


sH,=7J,+jsu.l, 

or 
By= Slit jeel (33) 
It follows from this equation that the rotor circuit can be 
completely represented by placing a circuit of impedance 


Tr . 

ree jv, across the voltage H,. The total power absorbed by 

ry 

% must be the sum of the rotor losses and the useful shaft 
‘ Tr. 3 

power, so that, resolving z into the resistances r,; and 

aa 

rn the power absorbed by r, represents the rotor cop- 


_— 
per loss. The power absorbed by erage represents the 


useful shaft power. 

Neglecting r, and the real part of zm, the only real power 
is that concerned in the rotor circuit. Assume that the 
induction motor drives a direct-current generator. At 
small slips the electrical input into the stator is equal to 
the copper loss, i.e., the Z?,r, of the rotor plus the shaft 
load. With the rotor locked, the shaft load is zero, and the 
total electrical input into the stator is equal to the rotor 
copper loss. At 200-percent slip, 1.e., with the rotor turning 
at synchronous speed in the reverse direction, the copper 


5 5 ' 3 I? r 
loss is [2r,, the electrical input into the stator is —_ 


= F2: 
and the shaft load Srl 2 or = 
load signifies that the direct-current machine instead of 
functioning as a generator is now a motor. Physically that 
is just what would be expected, for as the slip increases 
from zero the shaft power increases to a maximum and 
then decreases to zero for 100-percent slip. A further in- 
crease in slip necessitates motion in the opposite direction, 
which requires a driving torque. At 200-percent slip the 
electrical input into the stator is equal to the mechanical 
input through the shaft; half of the copper loss is supplied 
from the stator and half through the shaft. This is the 
condition obtaining with respect to the negative-sequence 
in which the rotor is rotating at a slip of 200 percent rela- 
tive to the synchronously rotating negative-sequence field 
in the stator. Half of the machine loss associated with the 
negative-sequence current is supplied from the stator and 
half by shaft torque through the rotor. 

The factors of fundamental importance are the power 
supplied to the stator and the power supplied to the shaft, 
which can always be determined by solving the equivalent 
circuit involving the stator and rotor constants and the 
magnetizing-current constants. A more convenient device, 


=, A negative shaft 
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Xe*Xet Xm(te+4X-Xm+4XF) ree ete Xin 
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eel e+ 4(XmtXr)* 


(c) 


Fig. 32—Development of negative-sequence resistance and 
reactance from equivalent circuit of induction motor. 
(a) Negative-sequence diagram for induction motor; (b) neg- 
lecting armature and no load losses; (c) simplified network- 
negative-sequence resistance and reactance. 


since s is constant and equal to 2 for the negative-sequence, 
is to reduce the equivalent network to a simple series im- 
pedance as shown in Fig. 32 (c). The components of this 
impedance will be called the negative-sequence resistance 
ve, and the negative-sequence reactance 2. The current 
flowing through the negative-sequence impedance is the 
current flowing through the stator of the machine, and the 
power loss in rz is equal to the loss supplied from the stator 
of the machine and the equal loss supplied through the 
shaft. 

The total electrical effect of the negative-sequence re- 
sistance in system analysis problems is obtained by in- 
serting the negative-sequence resistance in the negative- 
sequence network and solving the network in the usual 
manner. All three of the sequence currents are thus af- 
fected to some extent by a change in the negative-sequence 
resistance. The total electrical output of a generator, not 
including the shaft torque developed by negative-sequence 
current, is equal to the total terminal power output plus 
the losses in the machine. However, the negative- and 
zero-sequence power outputs are merely the negative of 
their losses. In other words, their losses are supplied by 
power flowing into the machine from the system. There- 
fore, the contribution of the negative- and zero-sequences 
to the electrical output is zero. The total electrical output 
reduces then to that of the positive-sequence and to include 
the positive-sequence armature-resistance loss it is neces- 
sary only to use the positive-sequence internal voltage in 
the calculations. Or viewed differently, since there are 
no internal generated voltages of the negative- or zero- 
sequence, the corresponding internal power must be zero. 
In addition to this electrical output, which produces a 
torque tending to decelerate the rotor, there also exists the 
negative-sequence shaft power supplied through the rotor. 
It was shown that this power tending to decelerate the 
rotor is numerically equal to the negative-sequence power 
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supplied to the stator, which, in turn is equal to the losg 
absorbed by the negative-sequence resistance. Therefored 
the total decelerating power is equal to the Positive 
sequence power output plus the loss in the negative, 
sequence resistance. 

The assumption was made that the stator resistaned 
and the losses in the magnetizing branch were neglected; 
For greater refinements, the stator resistance and the losseg 
in the magnetizing branch can be taken into consideration{ 
by substituting them in the equivalent circuit and reducing] 
that circuit to simple series resistance and reactance, 
wherein the resistance becomes the negative-sequence re 
sistance and the reactance the negative-sequence reactance,4 
The ratio of the negative-sequence shaft power to the los§ 
in the negative-sequence resistance is then equal to the! 


: oP : : * 
ratio of the power loss in - for unit negative-sequence! 
t 


current in the stator tor. This ratio can be obtained easily} 
by test by measuring the shaft torque and the negatives 
sequence input when negative-sequence voltages only ate 
applied to the stator. i 

While this analysis has premised induction-motor a 
struction, the conclusions can also be applied to synchro, 
nous machines. r: 

Method of Test—While r; and 2 can be determined by; 
applying negative-sequence voltage from another source’ 
of supply to the armature, the following method has the¥ 
advantage that the machine supplies its own negative 
sequence voltage. Two terminals of the machine under 
test are short-circuited and the machine driven at rated} 
frequency by means of a direct-current motor. The equiva 
alent circuit and vector diagram for this connection aréj 
shown in Fig. 33. The positive-sequence power per phase 
at the terminals is equal to the product of #; and J; and 
the cosine of the angle ¢. This power is positive. Howeverft 
the negative-sequence power output per phase is equal tog 
the product of He, fz, and the cosine of the angle between 
EF, and I, and since J,=—J,, and #,= Hh, the negative; 


Ej 


DRIVING MOTOR 


in which 


P,=shaft input. 
Pryw=friction and windage loss. 
Fig. 33—Negative-sequence resistance of a synchronous 
machine. ; 
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sequence power output is the negative of the positive- 
sequence power output, which, of course, must follow since 
the outpr’® of she machine is zero. A negative output is 
equivalent to a positive input. This input is equal to nr: 
er phase. Therefore, the positive-sequence terminal out- 
ut per phase Is rol, and adding to this the copper loss due 
to I, Bives the_total shaft power due to the positive- 
sequence as (r+). | 
Now from Fig. 32(a), if zm be neglected, the negative- 
sequence input per phase is equal to 


Tr\y¥. ry Fz 
(r.+r.-2) too +r) rf 


from which it follows that 


nag tte (34) 


As shown previously the negative-sequence shaft power 
Try. . . . Tr 
per phase Is equal to gh which on substituting 3 from 


(34) reduces to (r2—r,)J3. But since r,=11, the expression 
for the negative-sequence shaft power per phase can also 
be written (re—m)13. Incidentally, from this the rotor 
Josses are equal to 2(r,~r,)J3. Therefore the total shaft 
input. into the alternating-current. machine is equal to 
3(rfs+rlit (r2—n)L3] and, since I,=J2, reduces to 6ref}. 

Including the effect of friction and windage, P(riw), and 
euling P, the total input into the alternating-current 
machine from the driving tool, 


P,—Paiw 
a (35) 


_ ¢ I =e 
and, since h=y where I is the actual measured phase 


current, 


_[P.—Pe+w] 
2I? 


The foregoing neglects the effects of saturation. Tests on 
silient pole machines with and without dampers verify 
the fact that the loss varies as the square of the negative- 
sequence currents. The loss for turbine generators, on the 
other hand, varies as the 1.8 power of current. 


T (36) 


16. Zero-Sequence Impedance 


The zero-sequence impedance is the impedance offered 
to the flow of unit zero-sequence current, i.e., the voltage 
rop across any one phase (star-connected) for unit current 
i each of the phases. The machine must, of course, be 
es for otherwise no zero-sequence current can 

Ow, 

The zero-sequence reactance of synchronous machines is 
“ute variable and depends largely upon pitch and breadth 
factors. In general, however, the figures are much smaller 
than those of positive and negative sequences. The nature 
of the reactance is suggested by considering that, if the 
Atmature windings were infinitely distributed so that each 
pe Produced a sinusoidal distribution of the mmf, then 
oft ei produced by the equal instantaneous currents 
Aa € three phases cancel each other and produce zero 

eld and consequently zero reactance except for slot and 
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end-connection fluxes. The departure from this ideal con- 
dition introduced by chording and the breadth of the phase 
belt determines the zero-sequence reactance. 

The zero-sequence resistance is equal to, or somewhat 
larger than, the positive-sequence resistance. In general, 
however, it is neglected in most calculations. 

Method of Test—The most convenient method for 
test of zero-sequence impedance is to connect the three 
phases together, as shown in Fig. 34, with the field short- 


I 


—_——— 


Rotor at synchronous speed 
(or blocked) 
Zero-sequence impedance, 
_E 
~ 3l 
Fig. 34—Connection for measuring zero-sequence imped- 
ance. 


20 


circuited. This connection insures equal distribution of 
current between the three phases. For this reason it is 
preferable to connecting the three phases in parallel. The 


zero-sequence impedance is then equal to Zp>==— as in- 


31 
dicated in the illustration. 


IV. PER UNIT SYSTEM 


The performance of a whole line of apparatus, regardless 
of size, can often be expressed by a single set of constants 
when those constants are expressed in percentages. By 
this is meant that the loss will be a certain percentage of 
its kilowatt rating, its regulation a certain percentage of 
its voltage rating, etc. The advantage of this method of 
representation extends to a better comparison of perform- 
ance of machines of different rating. A 100-volt drop in a 
transmission line has no significance until the voltage base 
is given, whereas, as a percentage drop would have much 
significance. 

A disadvantage of the percentage system is the confusion 
that results from the multiplication of percentage quanti- 
ties. Thus, a 20-percent current flowing through a 40- 
percent reactance would by simple multiplication give 800 
which at times is erroneously considered as 800-percent 
voltage drop, whereas, the correct answer is an 8-percent 
voltage drop. 

The per unit system‘ of designation is advanced as pos- 
sessing all the advantages of the percentage system but 
avoids this last mentioned disadvantage. In this system 
the rating quantity is regarded as unity. Any other amount 
of the quantity is expressed as a fraction of the rated 
amount. It is the same as the percentage system except 
that unity is used as a base instead of 100. The foregoing 
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multiplication example would in the per unit system be 
expressed as follows: A 0.20 per unit current flowing 
through a 0.40 per unit reactance produces an 0.08 per 
unit voltage drop, which is correct. 

A further advantage of the percentage and per unit 
systems lies in the elimination of troublesome coefficients. 
However, this is not an unmixed blessing as a definite 
disadvantage of the use of the per unit system lies in the 
loss of the dimensional check. 


V. POWER EXPRESSIONS 


It is frequently necessary to know the manner in which 
the power output of a machine varies with its excitation 
and internal angle. A particular application of this knowl- 
edge is the stability problem. Several simple cases will 
be considered. 


17, Machine Connected through Reactance to In- 
finite Bus and also Shunt Reactance across its 
Terminals, Resistance of Machine Neglected 


The schematic diagram for this case is shown in Fig. 
35(a), which also shows the significance of the various 
symbols to be used in this discussion. The reactances Zz, 
at, and the one indicated by the dotted lines represent the 
branches of an equivalent 7 circuit, for which the resistance 
components are neglected. For the purposes of determin- 
ing the power output of the generator the reactance shown 
dotted can be neglected. The vector diagram which ap- 
plies is Fig. 35(b). The total machine current is equal to 7, 


K8%—e 8, ixe 


Fig. 35—-Machine connected to infinite bus through a re- 
actance, 


which from the internal and external currents one can 
obtain* 


Ig—jla= Ares . 
And inserting the equivalents of 7, and 7. 


~ be ae 
tq ns jte 


*The symbol caret over a quantity indicates a phasor quantity. 


Machine Characteristics 


But 


and 


e =i —Zala ~Jtqtq 
E=E cos 6—JjE sin 0 
Upon substituting 2, and E in equation (37), there result 


tg—jla= nes a Vea 2eha~jnate 


. 


+j- [E cos 0@—JjE sin 6] 


Equating reals 


Lq(tetz-). , E sin 8 
qa Se 
LsLe Xo 
_ 24H sin 8 
LeLot+Xglat qo 


And equating imaginaries 


.  Ugtk, : 1 
ta4=———[ea—talu] ——E cos 0 
LyX £e 


svc 


_ (_t+e)ea—2.E cos 8 
IplotTalst+XaX, 


(40) 


The power output, P, is equal to the sum of the products { 
the in-phase components of armature current and terminal 
voltage, namely 


P=1%,4(€a—Zata) H1a(Lqig) 
= Calg + (q = La)tata 


= [eat (f—— La)taltg (41 


The power is then obtained by calculating 7, and 7, fro: 
(39) and (40) and inserting into (41). If E and ea are ex= 
pressed in terms of rms volts to neutral and reactances in 
ohms per phase, then the above expression gives the power 
in watts per phase; but if the emf’s are expressed i in terms 
of the phase-to-phase volts the expression gives total power, 
On the other hand, if all quantities are expressed in p.u 
then the power is also expressed in p.u. where unity ié 
equal to the kva rating of the machine. If ea! rather than 
éa is known then eg should be replaced by ea’ and xq by 24 
wherever they appear in Eqs. (40) and (41). 
For the special case of a machine with cylindrical rotoy 
in which x,=<4, the expression reduces immediately to ; 
P=eatg : 

i x,feg sin 0 (42 7 

Lele Lqls+XqXo ; 

Another interesting special case is that for which the 
shunt reactance is not present or z,= ©. Then 


éa—E cos 0] E sin 6 
Pa[ cat (eet) == a | ae 
c c q 


_éaH sin 6, (ta—2q)E? sin 20 
Lota 2(Lat xe) (Late) 
0 and z,= 0, then 
eal sin 0 (ta—2q)E? sin 26 
+ 
La 2xLalq 


And if z= 
P = 


Chapter 6 


as 
HARE Ee ae 


| 7 RC 
+) FINE 
EE EEE 


BRE EBRIS 


() 20 40 60 80 100 180 
@ IN OEGREES 


Fig. 36—Power- angle diagram of a salient-pole machine— 
excitation determined to develop rated kva at 80-percent 
power factor. xyg=1.15; x,=0.75. 


In Fig. 36 is shown a power-angle diagram of a salient- 
pole machine whose excitation is determined by loading at 
full kva at 80-percent power factor. 

An expression frequently used to determine the maxi- 
mum pull-out of turbine generators is the following 

Pull-out in kw = 25 (rating of generator in kva) 
where OC is the field current for the particular operating 
condition and OD is the field current for the rated-current 
zero-power factor curve for zero terminal voltage (see Fig. 
17). This expression is based upon the maintenance of 
rated terminal voltage up to the point of pull-out. At 
pull-out the angle 6 of Fig. 15 is equal to 90 degrees. Since 
the extent of saturation is measured by the voltage behind 
the Potier reactance drop, it can be seen from Fig. 15 that 
for 5 equal to 90 degrees this voltage is less than rated 
voltage, and that therefore little saturation is present. 
Irom Eq. (44) since za=2q and = 90 degrees, the pull-out 


. Call . F . : 
is —. But ea is proportional to OC on the air-gap line and 
La 


ta is likewise proportional to OD on the air-gap line. 
_ Examination of Eq. (44) shows that even if the excita- 
tion is zero (eg=0) the power-angle curve is not equal to 


(24—2q) E? sin 20 


zero, but equal to . This results from the 


2LaLq 

effects of saliency. Note that it disappears for uniform 
uit-gap machines for which rg=z,. Advantage is some- 
times taken of this relation in the case of synchronous 
condensers to obtain a somewhat greater capability in the 
leading (under-excited) kva range. With some excitation 
systems (see Chap. 7, Excitation Systems) it is possible to 
obtain negative excitation. The excitation voltage, ea, in 
Eq. (44) can be somewhat negative without producing an 
unstable power-angle diagram. By this device the leading 
kva range can be increased as much as 15 or 20 percent. 


18. Inclusion of Machine Resistance or External 
Resistance 


If the machine is connected to an infinite bus through a 
resistance and reactance circuit, the external resistance 
and reactance can be lumped with the internal resistance 
and reactance and the following analysis used. The vector 
diagram for this case is shown in Fi ig. 37 for which 


&, sin 0+1rtg—Aqtg=0 (45) 
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Fig. 37—Vector diagram of salient-pole machine including 
effect of series resistance. 


y e, cos O-+Trigtxrata—ea=0 (46) 


From (45) 


gale sin 6+7tq) (47) 
q 


Substituting (47) into (46) 


2 

ro, 72, : 

e, cos 0+-—e, sin 0+—tat+rata—ea=0 
tq Zq 

from which 


: 1 ‘ 
tS a | sxea—re sin 6—2 ge, COs | (48) 


and substituting in (47) 


are wre [ reattan sin —re, cos | (49) 
The power output, P, is equal to the sum of the products 


of the in-phase components of 7 and eé, or 
(50) 


P=i,e, cos 0+74e, sin 0 


Upon substituting (48) and (49) this reduces to 


Poa ee. [ ete cos 6-+-2, sin 8) isis 


x ‘ 
5 Se, sin 20—re, 
r?+24alq 


(51) 


The power input into the machine is equal to P plus m2. 
The expression for this quantity does not simplify and it 
is better to calculate it through the intermediate step of 
evaluating rz?, which is equal to r(¢a+74). 

The foregoing expressions apply to the steady-state con- 
ditions. In stability problems it is necessary to determine 
the average power from instant to instant. In general for 
this purpose it is permissible to neglect both the unidirec- 
tional component of currents and the subtransient com- 
ponent of the alternating current, leaving only the transient 
component. These latter are determined by the instanta- 
neous value of eg’. It follows then that the power expres- 
sions are simply those derived for the steady- state condition 
with ea replaced by ea’ and 2a by 24’. 


VI. EFFECT OF CHANGE IN EXCITATION 


Field forcing in certain industrial applications and con- 
siderations of system stability require that the voltage 
increase in response to a sudden need. This increase is 
brought about automatically either by means of the same 
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control that produced the increase in load or through the 
use of a voltage regulator. It is necessary, therefore, to be 
able to predetermine the effect of an increase in exciter 
voltage upon the output of the synchronous machine. In 
general, significant changes in exciter voltage never require 
less than about one-tenth of a second to bring about the 
change. By the time this effect has been felt through the 
synchronous machine, which has a time constant of about 
a second, it will be found that the result is always slow 
when compared to the subtransient and unidirectional 
components of the transients associated with the change. 
In other words, variations in exciter voltage are reflected 
only in the transient components. As an example, suppose 
it is desired to calculate the armature current of a machine 
for a three-phase short-circuit while it is operating at no 
load with a voltage regulator set for rated voltage. 
Immediately after the inception of the short circuit there 
is a slight lag in the regulator until its contacts and relays 
close. The exciter voltage (and voltage across the field of 
the main machine) then rises as shown in the upper curve 
of Fig. 38. The bottom curve refers to the armature cur- 


EXCITER VOLTAGE 


b-Las IN REGULATOR 


TIME 


ARMATURE CURRENT 


TIME 


Fig. 38—Illustration showing relative importance of different 
components of armature short-circuit current and response 
of transient component to the exciter voltage. 


rent, the dotted line showing the nature of transient com- 
ponent if there were no regulator, the exciter voltage 
remaining constant. The line immediately above shows 
how the transient component changes as a result of the 
change in exciter voltage. To approximately the same 
scale, the cross-hatched area shows the increment in cur- 
rent caused by subtransient effects. The blackened area 
shows how the unidirectional component would contribute 
its effect. This component is quite variable and for a 
short-circuit on the line might be entirely completed in a 
cycle or less. In any event regardless of its magnitude it 
can be merely added to the transient and subtransient 
component. It is independent of the exciter voltage. 


19. Fundamental Equation 


Being restricted to the transient component, the effect of 
exciter response can then be defined entirely by effects in 
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the field circuit. The beauty of the per unit system jg 
exemplified in the analysis of this problem. In p.u. the 
differential equation for the field circuit takes the followi ing 
form 


(52) 


In this equation e, represents the exciter voltage or the 
voltage across the field if there is no external field resistor 
in the field circuit. The unit of e, is that voltage required 
to circulate such field current as to produce rated voltage, 
at no load on the air-gap line of the machine. The term e,° 
is the synchronous internal voltage necessary to produce 
the instantaneous value of armature current for the given 
armature circuit regardless of what it may be. Its unit ig 
rated voltage. It is synonymous with field current whem 
unit field current is that field current necessary to produce. 
rated voltage at no load on the air-gap line. It will be seen 
then that the use of eg is merely a convenient way of 
specifying the instantaneous field current during the tran-_ 
sient conditions; it is the field current necessary to produce 
the armature current existent at that instant. As shown 
previously, ea’, is proportional to the flux linkages with the 
field winding. It is the quantity that, during the transition . 
period from one circuit condition to another, remains con- 
stant. The foregoing equation has its counterpart in the 
more familiar forms 


‘ 


a= RI+N(10-) (53) 


or 


(54) | 
4 
To familiarize the reader with (52), suppose that normal + 
exciter voltage is suddenly applied to the field winding at 4 4 
no load. Since the armature is open-circuited ey’ and ea | i 
are equal and the equation can be written 


., at 
ex = Ri +L. 


dég 
= T bho 
ex =@at Ta dl 


(55) 
oe : dey F 4 
When steady-state conditions are finally attained a is { 
equal to zero and ea=ex. This states that since e,=1.0, | 
éa must also equal 1.0, that is, the excitation is equal to : 
the normal no-load voltage. It will attain this value ex- | 
ponentially with a time constant T'do. 
Another example. Suppose the synchronous machine ; 
to be short-circuited from no-load and to be operating | 
without a regulator. At any instant the armature cur- i 
rent, 7, is equal to ey'/z4’. But since ea, which can be | 
regarded as the instantaneous field current required to ; 
produce 72, is equal to xq 2, then eliminating 7 between 4 
these equations 
x j 
ea=—seq (56) ’ 
ta’ ; 
Then equation (52) takes the form 


La, ded 
=—e4’+T3.5- 
1 Lal d + do dl 
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or if it is to be expressed in terms of armature current 


; dt 
l= Xt + Thotd. 


7 
dt iat) 
The sustained magnitude of 7, is then 
2 1 
pes 
Za 


The initial magnitude of 7, since ea’ remains constant 
during the transition and is initially equal to 1, is 


i=— 
Lal 
‘The homogeneous equation for (57) is 


: dt 
O=ra+ Paota! a, 
or figs 
O=14 Th S (58) 
aq al 
‘ 1 1 . : : 
Thus 7 changes from Pe to ie exponentially with a time 
: ' d d 
constant equal to “= Tio. 
La 


In all problems involving a transition from one circuit 
condition to another the one quantity (when subtransient 
clfects are neglected and the time constant in the quadra- 
ture axis is zero) that remains constant within the machine 
is the flux linkages with the field winding, which in turn 
iy reflected in the quantity ea’. It is necessary, therefore, 
to calculate ea’ for the circuit condition preceding the 
transition. All the discussion of the following cases as- 
sumes that this point is understood and that ea’ is known 
{or the beginning of the transient period. 

Several cases will now be discussed. 


20. Three-phase Short Circuit of Unsaturated Ma- 
chine 


The problem is to determine the transient component 
of short-circuit current in response to the exciter voltage 
given in Fig. 39. This is most quickly and conveniently 
found by a graphical method, which, for want of a better 


Fig. 39—Illustration of ‘‘Follow-up Method.” 
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name, has been called by the author “the follow-up meth- 
od.” It is a method that can be applied to any problem 
involving a simple time constant. 

To demonstrate the method, consider a simple resist- 
ance-inductance circuit to which the voltage, Z, is applied. 
Let the differential equation for this circuit be 

dl 
E=RI +L, (59) 
where the symbols have the customary significance. 
Dividing through by R, there results 
‘ E . Ld! 


Ro te vs 


R dt (60) 


The coefficient of ~ is called the time constant of the 


circuit and will be designated by T, giving 


R (61) 
dt T 


In this expression RS the steady-state current that I 


approaches for the instantaneous value of HE. I is the 
instantaneous magnitude of current. If the current at 
any instant is plotted by the point a (Fig. 40) and the 


corresponding value of R for that instant is plotted as 


the point b (Fig. 40) displaced horizontally by a time T, 


Fig. 40—Construction derivation of ‘‘Follow-up Method.” 


then the vertical distance between a and 6 gives the nu- 
merator of (61) and the horizontal distance the denomina- 


tor. The slope of the line between a and b is equal to - 


If an interval of time At is chosen following the instant 
under consideration and EF is assumed constant over the 
interval then the change in 7 during the interval, AJ, is 


d ; 
equal to Al The final value of current for the interval 


is then given by the point c. If R at an instant A? later is 


then plotted and the line drawn from c then the value for 
AT for the second interval is obtained. Following such 
procedure it is possible to construct the complete curve 
for J. The construction is illustrated in Fig. 39, in which 
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the curve marked £ is the instantaneous magnitude of # 
from time ¢=0. Plot R displaced to the right a time T. 


Let J; be the initial value of [ at t=0. Divide the time into 
intervals of length At. Draw the line ab, then cd, ef, ete. 
The accuracy will be greater the smaller the intervals and 
can be increased somewhat for a given element width by 


At. : ; 
using t= instead of T for the distance by which the 


steady-state curve which I tends to approach, is offset 
horizontally. 

Now returning to the problem in hand. The differential 
equation governing the case is given by (52). The exciter 
voltage ex is assumed given and expressed in p.u. For a 
three-phase short circuit at the terminals of the machine 
ea is equal to xq? and eg’ =2q’t. Therefore Eq. 52 becomes 


x = Xai taza’ Pox (62) 
Dividing through by za 
, 
Se ae (63) 


La : La dt 
The construction dictated by this equation and the 


: nas Ce . 
follow-up method is shown in Fig. 41. 5,8 plotted against 
d 


TIME 


Fig. 41—Transient component of short-circuit current, i’, as 
influenced by excitation. 


F . : : . ra’ 
time, its zero being displaced an interval —T7j. from refer- 
x 


d 
ence zero. The initial value of 7 is determined through eq’ 
which was 1.0 at ¢=0. This makes the initial amount of 
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i=. 
za’ 


Starting from this value the actual magnitude of 


tis obtained as a function of time. 


21. Unsaturated Machine Connected to Infinite Bus 


As stated previously the subtransient and unidirectional 
components of current are not of importance in the sta- 
bility problem. For this application it is desirable to de- 
termine how e,’ varies as this influences the power output 
of the machine and in turn dictates the degree of accelera- 
tion or deceleration of the rotor. The circuit shown in 
Fig. 35(a) is typical of a setup that might be used for an 
analytical study to determine the effect of exciter response 
in increasing stability limits. Another case of considerable 
importance is the action of a generator when a heavy load,» 
such as a large induction motor, is connected suddenly 
across its terminals or across the line to which is is con- 
nected. In starting the motor the line voltage may drop 
an excessive amount. The problem might be to determine 
the amount to which this condition could be ameliorated ° 
by an appropriate excitation system. Since reactive kva 
is more important than the real pcwer in determining 
regulation, the motor can be represented as a reactor and 
the circuit in Fig. 35(a) utilized. Having determined the 
manner in which e,’ varies, the power in the case of the 
stability problem and the terminal voltage (eq’—2’t) in 
the case of the voltage problem, can be calculated easily. 
Equation (52) must be used again to determine the manner 
in which ey’ varies in response to changes in exciter voltage 
and phase position of the rotor with respect to the infinite 
bus. The instantaneous armature current can be found in 
terms of the rotor angle @ and ea’ by replacing eg and xq of 
Eq. (40) by ea’ and xq’, respectively, giving 


.  (t.+2.)ea’ — 23H cos 6 
Lsle+Xq' Let La’ Le 


The synchronous internal voltage, eg, is equal at any 
instant to 


(64) 


ea= ea’ +(ta—za')ia (65) 
and upon substituting (64) 
(x, +2-)ea’—25E cos 0 
es=e,’ aaah 
a=ea'+(ta—24') Lelot La Let La’ Le 
2 (tetotXatetXat.)ea’ —Xs(tq—Xa’)E cos 8 
Wale tate La Ve 
Substituting this expression in (52), there results. 
_ Use tLalst Cale oy __ 
LelotULq'Let+La'Le 
Ls(La—Ta') de,’ 
ae eee 6 io 66 
Seema TREN cos 6+ Tao dt (66) 
which can be converted to 
Ta’ X—(La—Xa’) de,’ 
sg fp EE O=e4’+T,4/— (67 
T do UslotTelat Tule si ne + ‘ dt ( ) 
in which 
Taf a reet hal Let Ta Lens (68) ; 


Lalo Lats Late 


The time constant 74’ is the short-circuit transient time i 


constant. : 
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Jf 6 were constant or if its motion as a function of time 
were known then the whole left-hand side could be plotted 
(displaced by the time Ty’) and treated by the follow-up 
method as the quantity that ea’ tends to approach. Un- 
fortunately @ is not in general known beforehand, and it is 
necessary to calculate # simultaneously in small increments 
in a simultaneous solution of e’ and 6. The magnitude of 
9 is determined by the electro-mechanical considerations 
discussed in the chapter dealing with System Stability. In 
solving for ea’ a progressive plot of the left-hand side can 
be made or (67) can be transformed to the following form 


dev 1 | Ta L5(La—Xa') 
—_—_— => Ff @~— f 
dt Ta’ || Fie UelotLalat Lye one ea’ | (69) 
and the increment calculated from the equation 
» dea 
Aed = di At (70) 


A shunt resistance-reactance load such as an induction 
motor is not much more difficult to solve numerically but 
the expressions become too invéfved for analytical solution. 
It is necessary only to calculate 74 in terms of ey’ and @ just 
as was done before and then follow the same steps as used 
for the reactance load. 


22. Unsaturated Machine Connected to Resistance- 
Reactance Load 

A case not too laborious to carry through analytically 
is that for which a resistance-reactance load is suddenly 
applied to a synchronous machine. Let rext and Zext be the 
external resistance and reactance. The addition of a sub- 
script ¢ to machine constants indicates the addition of rext 
OF Lext to the respective quantity. The equations of Sec. 17 
then apply to this case, if e, in the equations is made equal 
to zero and xq replaced by Zat, ete. 

Following the same procedure as previously, there re- 
sults from Eq. (48) when eg and za are replaced by eq’ 
and xi, and e, is equal to zero. 


Be a Lat , 


tg 7 da 
retLarTat 


(71) 


The field current or its equivalent, the synchronous in- 
ternal voltage, is then 


€a= ea + (Lar — deta 
ae 7 Lnst Lat ’ 
ea + (Lat Lat) Aaa, Slane 
_ Lake trt Py 
te 72 
ate tr a) 
Substituting this expression in (52) there results that 
_ Tatar tTt pap Cd. 
parti tae eee re . 
~ wdelqt ET ea + d dt (73) 
Which can be converted to 
Td fed 
qe ened + TI . (74) 
in which 
, 2 
if ah CaBAY (75) 


2 
LateTqte HT t 
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From this point the follow-up method can be used as 
before. After ea’ is determined as a function of time any 
other quantity such as terminal voltage can be obtained 
readily, 


23. Saturation 


In analyzing transient phenomenon of machines in the 
unsaturated condition, the theory was built around the 
concept of the transient internal voltage, ea’, a quantity 
evaluated by using the transient reactance, xy’. In the 
presence of saturation it was found that for steady-state 
conditions by the introduction of the Potier reactance, 
zt, (see Sec. 3) the proper regulation was obtained at full 
load zero’ power-factor. The use of x, and e, also resulted in 
satisfactory regulation for other power-factors. In extend- 
ing the analysis into the realm of transient phenomenon. 
€p will continue to be used as a base from which to intro- 
duce additional mmf into the field circuit to take care of 
saturation effects. The treatment will follow quite closely 
the same assumptions as were used in determining the 
steady-state regulation according to the Two-Reaction 
Potier Voltage method of Sec. 3(d). 

With this assumption the fundamental Eq. (52) for the 
field circuit becomes 


€x =ea+(s due to ep) + Thee (76) 
As before eg represents, neglecting saturation, the voltage 
behind the synchronous reactance of the machine or what 
is equivalent the field current required to produce the 
instantaneous éa’, including the demagnetizing effect of 
the instantaneous armature current. The total field cur- 
rent is obtained by adding s to eg. In some cases it is found 
simpler to convert all of the right hand side to the single 
variable e, but in others it is simpler to retain the variable 
in the form of ea’. Two applications of this equation will 
be discussed. 

Machine Connected to Infinite Bus—The circuit 
shown in Fig. 35(a) is the one under discussion and for 
which Eq. (66) applies for the unsaturated condition. This 
equation can be expanded to include saturation, in accord- 
ance with Eq. (76), to the following 


_ 2etettateteat, ,  — ts(ta—Fa') E cos 8 
"Deke t Sd Lg t Lae Lele tLa'Ey+ La Xo 
di 
+(s due to ep) +7 ao a (77) 
This can be converted to 
ded _ éx—(sduetoep) , 2s(ta—2a’) EB cos 0 _ ed’ (78) 
‘dt TS (Velo Vate tat ta Td 


in which Ty’ is defined from Eq. (68). Before (78) can be 
used it will be necessary to determine e, in terms of e,’. 

The components of current, 7, and 74, can be determined 
from (39) and (40) by replacing ea, by ea’ and xa by 2’. 
Thus 


xf sin 6 
10 ot telat Tal me 
_ (%st-%.)ed —TE cos 9 
fare Lelot La Let La'Lo (80) 
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The direct-axis component of e, is equal to 
Cnd= ea’ — (xq’ —Xp)ta 
LelotLpUstUple , , Ls(Lu'—2py)E cos 0 
Lele Ly Ly+ Lalo LslotLa' Leta’ Le 
and the quadrature-axis component of e, is 
€nq = (La—Zp)tq 
_ %,(%q—2p) E sin 8 
~ LplotLglst+Lqle 


The amplitude of ¢ is then equal to 
Cp =V erat eq (83) 


While this quantity does not simplify greatly, it does not 
appear so formidable after numerical values are inserted. 
ép can thus be calculated for any instantaneous value of 
eu’ and the s corresponding thereto substituted in Eq. (78). 
Equation (78) provides a means for computing increments 
of change in e,’ for use in step-by-step solution. Thus 


(81) 


(82) 


1 Heal 
deg = al A¢ 
As s becomes small and saturation effects disappear, the 
solution relapses into the same type as used when satura- 
tion is negligible (Eq. 66), for which the follow-up method 
is frequently applicable. 

The relations just developed are useful in estimating the 
extent to which ey’ varies in system stability problems. 
Fig. 42 shows the results of calculations on a system in 
which a generator is connected to a large network, repre- 
sented as an infinite bus, through a reactance equal to j0.6. 


(84) 


420.45 S 
%p £0.40 E*0.91 a 
X%q*0.85 w sa 
Kg lil, Tho#6, 3.0 z 3 
[fe] 
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re) 
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Fig. 42—Effect of rate of response upon e,’ as a line-to-line 

fault represented by the three-phase shunt load j0.2 is applied 

to generator which had been operating at 90 percent power- 

factor. 20 percent of air-gap mmf required for iron at rated 
voltage. 


A line-to-line fault is assumed applied to the connecting 
transmission line on the high tension bus at the generating 
end which is equivalent to a three-phase short circuit 
through a reactance of 70.2 ohms. The curves justify the 
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assumption that is usually made in stability studies that 
where quick response excitation is installed, ey’ may be * 
regarded as constant. ; 
Machine Connected to Resistance-Reactance ; 
Load—This case is the same as that considered in Sec. 29 f 
except that saturation effects are to be included. Upon 
including the saturation term s into Eq. (74) there results \ 
that § 
Td ’ , 
Ti, e.- (s due to eo) | = eq +Ty’— (85) 3 
in which ; 
, 2 q 
pps Tis. (86) 
Laat +7; dad 
It is well to recall again that this analysis neglects sub- 
transient effects and assumes that the time constant in the ! 
quadrature axis is zero. If in Eqs. (48) and (49) e: is made q 
equal to zero, ea is replaced by ea’ and the corresponding 3 
changes in reactance associated with ea’ are made, and ne 
addition the subscripts are changed to indicate total re- 4 
actances, Then : 


Lat 
a= ——"—,' 
LatVat $1 r 
Tt A 
tq = ede (88) q 
ia La Lat tre # 
The total current is then 
VE; 
= , 2 a. 
La tVar try 
The voltage e, is 
gS in tails 
2 2) (2 2 
V (abetre) (caer), ; 
a cl A Zeal EY 


U 2 
LatLae tlt 


(90) | 


also there results that 


V (a2e+7?) (tart), _V (raetri) (ie +r?) 


2 x 2 
LarLqe +7 LarTqe tT 


(s due to é,) 
(91), 


As can be seen from Fig. 43 the solution of this equation 
lends itself well to the follow-up method. On the right-; 
hand side the assumed exciter response curve, éx, is plotted § 
as a function of time. Multiplying this quantity by theJ 
coefficient of ex, the term ép.. is obtained. This is the value} 
ep tends to attain if there were no saturation effects. As 
in the follow-up method, the zero of time from which the 
instantaneous curve of e, is drawn, is displaced to the left} 
an amount 74’ minus half the interval of time chosen in 
the step-by-step solution. Along the ordinate of ep a curve 
s: equal to the second term is plotted in which s is obtained 
from the no-load saturation curve shown in (b). For any 
instantaneous value of e,, 8: is plotted downward from épa 
as the construction progresses. So starting from the initial 
value of e,, of which more will be said later, a construction 
line is drawn to a point for which s,; was the value corre 
sponding to the initial value of e,. For the second interv? 
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(c)-VECTOR DIAGRAM 
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Fig. 43—Graphical determination of terminal voltage as polyphase series resistances, rex: and reactances Xext are suddenly 
applied. 


sis taken for the value of e, at the end of the first interval 
or, to be slightly more accurate for an estimated average 
value of ep for the second interval. And so the construction 
proceeds. 

By the same reasoning whereby e, was obtained in Eq. 
(90) the terminal voltage ¢, can likewise be obtained, giving 


et HIV Bextblroxt 
_V Gat) (fot t Text) , ’ 
= d 
Ea Lat tre 


und substituting eq” from (90) 
Clext tT ext 


anal : . 
ttre 


Chis permits of the calculation of e, from e, after the 
“onstruction has been completed. 
during the transition from one operating condition to 
next, only eq’ remains constant; e, changes. It is es- 
‘ential therefore that ey’ be computed for the initial operat- 
“a condition. The conventional construction shown in 
a 33(c) can be used. This determines the initial value 
. He for the new operating condition from which the initial 
wue of €, can be computed by Eq. (90). 
©mmon cases for which these calculations apply are the 
a etmination of regulation for loads suddenly applied to 
Senerator. Instances in which this can occur are the 


(92) 


Pp 


the 


sudden disconnection of a loaded generator from the bus 
throwing its load upon the remaining units or the starting 
of an induction motor by direct connection to a generator. 
For the latter case, if the capacity of the induction motor 
is a significant fraction of the kva of the generator, a severe 
drop in voltage results. Thus a 500-hp motor thrown on 
a 3300-kva generator produces an instantaneous drop in 
voltage of the order of 13 percent. The effective impedance 
of the induction motor varies with slip and to be rigorous 
this variation should be taken into consideration. It is 
usually sufficiently accurate to use the blocked rotor re- 
actance for the motor impedance up to the speed corres- 
ponding to maximum torque in calculating the factor which 
determines e,,, in terms of e,. Beyond the slip correspond- 
ing to maximum torque, the effective impedance varies 
rapidly to the running impedance. Simultaneously with 
the increase in impedance the lagging kva likewise drops 
off which results in a considerable rise in voltage. This 
effect is clearly shown in Fig. 44 taken from some tests 
made by Anderson and Monteith.” As running speed is 
approached the generator voltage rises, the excitation be- 
ing too high for the particular loading. To form a better 
idea of the magnitudes involved in such calculations, Fig. 
45 shows curves of terminal voltage as an induction motor 
equal in horse power to 20 percent of the kva of a generator 
is suddenly thrown upon an unloaded generator for differ- 
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Fig. 44—-Performance of 3333 kva, 0.6 power-factor, 3600 rpm, 
1.7 short-circuit ratio generator as a single 500-hp induction- 
motor pump is started. Induction-motor starting torque 
equal to full-load torque and pull-out torque equal to 2.8 
full-load torque. Full lines represent operation with fixed 
excitation and dotted lines under regulator control. 


PERCENT RATED TERMINAL VOLTS 


TIME ~SECONDS 


Fig. 45—Terminal voltage of a 500 kva, 80-percent power- 

factor engine-type generator (xa=1.16, x,=0.59, xq’ =0.30, 

13 percent saturation) as a 100-hp induction motor is con- 
nected. 


ent rates of response of the exciter. Ordinarily one is 
primarily interested in the minimum voltage attained dur- 
ing the accelerating period and so the calculations have 
been carried out to only 1.0 second. The curves show con- 
ditions for constant excitation and for exciters with 0.5 and 
1.0 ratios, respectively. 


24. Drop in Terminal Voltage with Suddenly- 
Applied Loads 


When a relatively large motor is connected to a gener- 
ator, the terminal voltage may decrease to such an extent 
as to cause undervoltage release devices to operate or to 
stall the motor. This situation arises particularly in con- 
nection with the starting of large motors on power-house 
auxiliary generators. The best single criterion to describe 
this effect when the generator is equipped with a regulator 
to control the excitation is the maximum drop. The pre- 
vious section describes a method whereby this quantity 
can be calculated. However, the problem arises so fre- 
quently that Harder and Cheek??? have analyzed the 
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problem generally and have plotted the results in curve } 
form. 

The analysis has been carried out for both self-excited 
and separately-excited exciters. The results for the former # 
are plotted in Fig. 46, and for the latter in Fig. 47. These i 
curves are plotted in terms of the four parameters: (1) (g 
magnitude of load change (2) Xgsat (3) 74, and (4) rate \# 
of exciter response, R. The response is defined in the } 
chapter on Excitation Systems. It is shown by Harder } 
and Cheek”? that variations in z,, saturation factor of the - 
generator and power factor between zero and 60 percent :* 
have little effect upon the maximum drop. The assumed 3 
value of xa for these calculations was 120 percent. An ¥ 
accurate figure for maximum voltage drop can be obtained 4 
for values of xa other than 120 percent by first expressing 7 
reactances and the applied load on a new kva base, such # 
that x4 on the new base is 120 percent, and then applying % 
the curves. For example, suppose a load of 1500 kva (ex- % 
pressed at full voltage) of low power factor is to be applied | 
to a 3000-kva generator having 30-percent transient } te § 
actance and 150-percent synchronous reactance. Suppose * 
that the generator time constant is 4.0 seconds and the 
exciter has a nominal response of 1.0. To determine the 
drop, express the transient reactance and the applied load 
on the kilovolt-ampere base upon which zq is 120 percent. 
The base in this case will be 3000 120/150 =2400 kva. : 
On this base the transient reactance x4’ is 30 X 2400/3000 = : 
24 percent, and the applied load is 1500/2400 =62.5 per- 
cent. If the exciter is self-excited then from the curves of # 
Fig. 46, the maximum voltage drop is 15 percent for 62.5- # 
percent load applied to a generator having 24-percent tran- ® 
sient reactance, a time constant of 4.0 seconds, and an % 
exciter of 1.0 nominal response. This same maximum drop * 
would be obtained with the machine and load under ¥ 
consideration. £ 

The initial load on a generator influences the voltage 
drop when additional load is suddenly applied. As shown % 
in Fig. 48, a static or constant-impedance initial load re- 4 
duces the voltage drop caused by suddenly applied load. \@ 
However, a load that draws additional current as voltage # 
decreases may increase the voltage drop. Such loads will § 
be referred to as “dynamic” loads. For example, a running s 
induction motor may drop slightly in speed during the # 
voltage dip so that it actually draws an increased current # 
and thereby increases the maximum voltage drop. The @ 
dynamic initial load curve of Fig. 48 is based on an initial % 
load that draws constant kilowatts and power factor as the 
voltage varies. = 


See att 
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VII. CONSTANTS FOR USE IN STABILITY 
PROBLEMS 


The stability problem involves the study of the electro-j 
mechanical oscillations inherent in power systems. 
fundamental factor in this problem is the manner in which] 
the power output of the generator varies as the position of J 
its rotor changes with respect to some reference voltage. @ 
The natural period of power systems is about one second.4 
Because of the series resistance external to the machine,} 
the time constant of the unidirectional component of arm; 
ature current is usually so small as to be negligible i} 
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Te 46—Maximum voltage drop of a synchronous machine WITH SELF-EXCITED EXCITER as affected by (a) magni- 

Mt € of load change, (b) x’a st. (C) T’ao and (d) rate of exciter response. xq’ on curves refer to saturated or rated-voltage 

alue, Assumptions used in calculations: x,’ =1.07 Xa’ sat; Xi = 1.20; x,=0.75; no-load saturation curve/air gap line normal 
Voltage =1.2; time lag of regulator =0.05 second; added load is constant impedance of 0.35 pf.; initial load zero. 
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Fig. 48—Effect of type (whether dynamic or static) and initial 

load, assumed at 0.80 power factor, upon the maximum volt- 

age drop when 100-percent low-power-factor load is suddenly 
applied to an a-c generator. 


comparison with this natural period. The subtransient 
component is likewise so small that its effects can be 
neglected. There remains then only the transient com- 
ponents, those components associated with the time con- 
stants of the field winding, that are important. 


25. Representation of Machine 


The transient stability problem is primarily concerned 
with the power-angle relations during system swings fol- 
lowing a disturbance. Because of the dissymmetry of the 
two axes, it is necessary theoretically to take this dissym- 
metry into consideration. However, in most cases an 
impedance is in series externally to the machine so that 
the difference in reactances in the two axes becomes a 
smaller proportion of the total reactance. The results of 
calculations presented in Chap. 13 show that for most 
practical purposes it is sufficiently accurate to represent 
the unsymmetrical machine with a symmetrical machine 
having the same xq’. ~ 

In spite of the close agreement of salient-pole with 
cylindrical-rotor results, a few cases arise for which it is 
necessary to use salient-pole theory. Relations for calcu- 
luting the power output have been given in Secs. 16 and 17 
und for computing the change in internal voltages in Sec. 
22(a). It is shown in the latter section that if the exciter 
's of the quick-response type, the voltage ea’ can, for all 
practical purposes, be regarded as constant. Methods for 
the inclusion of these factors into the stability calculations 
have also been treated in Chap. 13. 

A knowledge of the inertia constant, H, is a requisite for 
the determination of the acceleration and deceleration of 
the rotor. It represents the stored energy per kva and can 
be computed from the moment of inertia and speed by the 
following expression 


_ 0.231 W R2(rpm)?10-% 
kva 


H (93) 


Where H=Inertia constant in kw-sec. per kva. 


WR?= Moment of inertia in lb-ft? 
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Further consideration of this constant is given in Part 
XIII of this chapter. 


26. Network Calculator Studies 


For most problems the synchronous machine can be 
represented by its transient reactance and a voltage equal 
to that behind transient reactance. For the rare case for 
which salient-pole theory is required, the following pro- 
cedure can be followed. It is impossible to set up the two 
reactances in the two axes by a single reactor, but if the 
reactance, Zq, is used and a new voltage, éaa, introduced as 
representing the internal voltage, both position of the rotor 
and the variations in ey’ can be carried through quite 
simply. 

Fig. 49 shows a vector diagram similar to Fig. 14 in 
which ega is included. This voltage is laid off along eg and 
eq’ and terminates at the point a. The reading of power 
at qa is the same as the actual output of the machine. As 
the exciter voltage changes ey’ and égqa likewise change. 


Fig. 49—Construction of ega for network calculator studies. 


The incremental changes in ega can be obtained as follows. 
From Fig. 49 it is evident that at any instant 


€qa = Ca + (Xq—2Xa')ta (94) 
From Eq. (52) 
dé 1 
aE ie €a) 
and 
dea’ 1 - 
ea! =“ TAt= air (¢e—ea)At (95) 


where Ae,’ is the increment of e,’ in the increment of time 
At. From Fig. 49 there results also that 


€a=Cgat (La~2q)ta 


(96) 
so that 


1 : 
Ae,’ ace [e<—e0a (2a—a,)is| At. (97) 
In network calculator studies of system stability, ¢,, 
€ya, and tq are known at any instant. From Kq. (94) it is 
evident that the increment of ega is equal to the increment 
in eg’. Thus 
Aega= 


re [e<— 200 (2a a)ia| Al (98) 
T do 
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This method can be applied regardless of the number of 
machines involved in the study. 

To obtain the initial value of éga, calculate eq’ from 
the steady-state conditions before the disturbance. eq’ is 
the quantity which remains constant during the instant 
representing the change from one operating condition to 
another. The proper éga is obtained by changing the 
magnitude of éga until Eq. (94) is satisfied. 

To include the effect of saturation, break the reactance 
<q, which represents the machine, into two components 
x, and (xq—2p), the latter being next to the voltage éqa. 
The voltage at the junction of these two reactances is ép, 
the voltage behind xz,. The effect of saturation will be 
included by adding the saturation factor s taken from the 
no-load saturation curve (see Fig. 17) for ep, to the excita- 
tion obtained by neglecting saturation. This corresponds 
to method (d) of Sec. 3 for steady-state conditions. Eq. 
(98) then becomes 
hs [eae (2-2-3 Ab. 
T do 


Aeéaa = 


(99) 


27. Armature Resistance 


For most stability studies the loss associated with the 
resistance of the armature is so small as to be negligible. 
The exception to this rule is the case for which a fault 
occurs near the terminals of a generator. 

The losses in an a-c generator during a three-phase short 
circuit can be large enough to affect significantly the rate 
at which the rotor changes angular position. This is of 
particular importance for stability studies. Two of the 
most important factors determining this effect are the loca- 
tion of the fault and the value of the negative-sequence 
resistance. The latter is difficult of evaluation particularly 
for turbo-generators—the type of machine in which the 
effect. is greatest. One must rely almost entirely upon cal- 
culations, which are extremely complicated. For a-c board 
studies of system stability it is convenient to represent the 
machine losses by means of a resistance placed in series in 
the armature. The value of this resistance should be chosen 
so that its loss, with the reactance of the machine repre- 
sented by x4, be equivalent to that of the machine under 
actual conditions. An approximate evaluation of this 
equivalent resistance will be developed for a turbo- 
generator. 

Let the initial value of the subtransient component of 
short-circuit current be designated, 7”. The components 
of the unidirectional current have a maximum value ~/21”" 
and are related in the three phases in a manner as discussed 
in Sec. 8. The sum of the unidirectional components in all 
three phases produce anessentially sinusoidal wave of mmf 
that is stationary with respect to the armature. This sta- 
tionary mmf develops a flux thatin turn generates currents 
having a frequency of 60 eps in the rotor. This effect is 
similar to that produced by negative-sequence currents in 
the armature except that the latter produce a sinusoidal 
mmf wave that rotates at a speed corresponding to 60 cps 
in a direction opposite to the rotation of the shaft and 
ultimately generates circulating currents in the rotor hav- 
ing a frequency of 120 cps. The magnitudes of the mmf 
waves in the two cases are equal for the same crest values 
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of unidirectional and negative-sequence currents. The crest 
value of the negative-sequence current, 22, is ~/ 272 and the 


we 


crest value of 2’’ is 


In the case of negative-sequence currents, part of the 
loss is supplied by the shaft and part is supplied through 
the armature. The loss associated with the circulating 
currents in the rotor as developed in Section 15 is approz- 
imately equal to 2(r2—1r1)73. Assuming for the moment that 
the loss varies as the square of the current and neglecting 
the differences due to the frequencies in the two cases, the 
loss for the unidirectional components of current is 


vi\? 
tae 2 2(r2—71) 
iin 2(re—11)7 or Gaye" 


Actually, however, the loss varies more nearly as the 1.8 
power of the current so that the expression becomes 


2(r2—11) —_ 


(ral yh 8° 

Now considering the effect of frequencies. Since the 
depth of current penetration varies inversely as the 
square root of the frequency, the resistance varies directly 
as the square root of the frequency. The loss for the uni- 
directional component is then 


2(re—11) 


J 2x pyee or Vetian) 
a\ed 
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Fig. 50—Development of r,, of a turbo-generator for the con-; 
dition of a three-phase short circuit across the terminals of j 


the machine for various duration of the short circuit. 
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Fig. 51—Typical equivalent resistance, r.q, for different types 
of machines, 


(a) for three-phase short circuit across the terminals used 
()) for three-phase short circuit across the terminals of a series- 
connected transformer of 10 percent impedance. 


Since the unidirectional current decreases exponentially 
With a time constant 7, the loss as a function of time is 
ae 
V2(r2—r1)€ Pa 

(2a’’)8 


_In addition to the losses associated with the unidirec- 
onal current, the load losses as reflected by r: can also be 
Significant for a three-phase fault across the terminals. 
Neglecting the sub-transient component, the a-c com- 
Ponent of short-circuit for a three-phase short circuit from 


no-load is 
1 bye 
lGae; tte | 
d 2a La 


(102) 


(103) 
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The loss associated with this current is 


t 2 
“[e-H] 
tq Ld Va 


To form an idea of the order of magnitudes of these 
losses, let 


(104) 


Xa’ = 0.09. T,=0.09. 
za =0.15. T{=0.6. 
tq= 1.25. 

T= 0.035. 
71 =0.005. 


The results of the calculations are shown in Fig. 50. The 
upper dashed curve is the loss associated with the uni- 
dire®tional component and the lower dashed curve the load 
losses. The full line represents the total losses. The cur- 
rent flowing in the generator as represented on the board 


: 1 : : 
is constant and equal to zr The equivalent resistance, 
d 


Teq, to be inserted in series with x4’ must be such that the 
integrated loss over any interval must be the same as that 
in Fig. 50. The dot-dash curve in Fig. 50 gives the values 
of req obtained by this method. 

Figure 51 gives similar values of 7.q for other types of 
machines. The curves in Fig. 51(a) were calculated for 
short circuits at the terminals of the machines, those in 
Fig. 51(b) are for three-phase short circuits across the 
terminals of a transformer connected in series with the 
machine. 


VII. UNBALANCED SHORT CIRCUITS ON 
MACHINES WITHOUT DAMPER WINDINGS 


Because of the dissymmetry of salient-pole machines 
without damper windings, the armature currents at times 
of three-phase short-circuits, as shown in Sec. 12, contain 
second-harmonic components. For unsymmetrical short- 
circuits, such as from terminal-to-terminal, the wave forms 
of currents and voltages become even more complex. Both 
odd and even harmonics are present. 


28. Terminal-to-Terminal Short Circuit 


In particular consider a salient-pole machine in which 
saturation is neglected and which is operating at no load 
to which a short-circuit is suddenly applied across two 
terminals. The short-circuit current® in these phases is 
then 


ia Vl [sin(2rft+ do) —sin do] 
(ta ta’) + (Xq—2a’) Cos 2(2rft+ do) 
in which ¢o indicates the phase position during the cycle 
at which the short-circuit occurred. 


It will be observed that this can be resolved into two 
components 


(105) 


/3 I; sin (27ft+¢o) 
(tata’)+(Lqy—Xa’) cos 2 (Qrft+do) 
V3 I; sin do 
(tq ta’) +(2q—Xa’) cos 2 (2rfl-+ do) 
The first component is shown in Fig. 52(a) for a typical 
machine and consists of odd harmonics only. The second 
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Fig. 52—Armature current and field current in a synchronous 
machine when a terminal-to-terminal short circuit is sud- 
denly applied. 


Xa’ = 0.30 Xa=1.1 X_=0.75 Po = 90° 


component is shown in Fig. 52(b) for >= +90° and con- 
sists of even harmonics only. The latter component is de- 
pendent upon the instant during the cycle at which the 
short-circuit occurs and may vary anywhere between the 
values given and the negative of those values in accordance 
with the coefficient, sin $0. Figure 52(c) gives the total 
current, the sum of Figs. 52(a) and 52(b). 

The units chosen are the p.u. in which for the machine 
operating at no-load at rated circuit voltage J; would be 
equal to 1.0 and in this case the current 7 is given in terms 
of crest magnitude of rated phase current. 

The components of armature current shown in Figs. 
52(a) and 52(b) have associated with them the field cur- 
rents shown in Figs. 52(d) and 52(e), respectively, the for- 
mer consisting only of even harmonics and the latter only 
of odd harmonics. In Fig. 52(f) is shown the total field 
current. The average magnitude of this current is equal to 


Lat Lala I, 


ta ++ tatu 

The odd-harmonic component of field current and its as- 
sociated even harmonic in the armature decay to zero with 
time. The even harmonics of the field and their associated 
odd harmonics of armature current decay to constant, 
steady-state amounts. Their initial values are in excess of 
their steady-state magnitudes by the amount the average 
of J; is in excess of its steady-state amount, J; The steady- 
state value of 7 is then equal to the initial amount of the 
odd-harmonice component multiplied by 


ta’ + V Lala 
Latr/ Gata 
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* La + V Lqta’ 
Thus steady-state — 31 a 
US Usteady-stat MOM ae, 
sin (2rfl+ do) (108) 


[(tqt2a’) + (tq—zu’) cos 2 (24ft—)]) 
With the assistance of Fig. 52 it will be seen from Eq, 
(105) that the maximum amount of the odd harmonic 
V3 11 
22,4" ; 
the total current is dependent upon the instant during 
the cycle at which short-circuit occurs and reaches a 
V3 It 
La’ ; 
Assuming no decrement for either the odd or even, 


component is equal to The maximum value of 


maximum of 


harmonics ae 
tems (even) -3 ne “ (109) 
trms (oda) =V3 =e =A (110) . 
Je lta — 
b= ee. (111) 


VOLTAGE 


Fig. 53—Wave form of voltage across terminals of a water- 
wheel generator without damper windings for a terminal-to- _ 
terminal short circuit from no-load. x,/xa’ =2.5. 


(a) Initial value of odd harmonic component (decays slowly); 
(b) initial value of even harmonic component for sin ¢o=1 (decays } 
rapidly). Its magnitude varies between that given and its | 
negative depending upon the point during the cycle at which ! 
short circuit, occurs. It may be zero. i 
(c) Total initial value for sin ¢o= 1 
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The rms total current is equal to the square root of the 
sum of the squares of those components. It must be re- 
membered that the unit of current is the crest of rated 
terminal current. When expressed in terms of the rated 
rms current the above figures must be multiplied by +/2. 

The voltage from the short-circuited terminals to the 
free terminal, neglecting decrements, is equal to 


pC = Cab = — 31K [sin (2rfl+ bo) +3b sin 3(2rft+ do) 


+5b? sin 5(2rfttdo) +...) 
+31; sin [2b cos 2(2rft+ do) 


+4b* cos 4(2xft+o)+...] (112) 
in which 
vV Gal ta 
K=- il 
V Lq/ta +1 ( 3) 


and } has its previous significance. 

Like the short-circuit current this voltage can likewise 
be resolved into two components that together with the 
total voltage are plotted in Fig. 53. The maximum possible 
voltage, that which occurs when sin @p is equal to unity, is 


3 x. 

. qa 

€ap(maxtmum for max. flux iinkages) — git zi (114) 
d 


When sin ¢o=0, the even harmonic component is equal 
to zero and for this case the maximum voltage is 
Oo Cy 
€ab(maxtmum for minimum flux linkages) = af a) 
\ Ta 
The corresponding line-to-neutral voltages for the termi- 
nul-to-terminal short-circuit are 24 of the above figures. 
In all of these expressions the crest value of rated line-to- 
neutral voltage has been used as a base. When the rms 
figure is used, the above quantity must be multiplied 
by V2. 
For a terminal-to-neutral short circuit, neglecting de- 
crements, the short-circuit current is 


- 37 ;[cos (2rft+40) —cosdo] 
(ta! +2%q+%o) + (xa! —2q) cos 2(Qrfé+ Po) 


(115) 


(116) 


29. Unsymmetrical Short Circuits Under Capa- 
citive Loading 


_ When a salient-pole machine without damper windings 
\s loaded by a highly capacitive load,!- +8 there is danger, 


eg OF PHASE a 


1 —— a 


AXIS OF 
PHASE c 


Hig. 54—Schematic diagram of a three-phase, salient-pole 

bs ternator to which a three-phase bank of capacitors and a 

*rminal-to-terminal short circuit are applied simultane- 
ously. 
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Fig. 55—Equivalentyircuit to which Fig. 54 may be reduced. 


ba — V2a/ta'—1 he Vtq/ta’ 
Viq/ta' +1 V iq/ta' +1 


at times of unbalanced short circuit, that resonance occur 
between the reactance of the machine and the load 
with the possibility that dangerously high voltages might 
result. Considering a purely capacitive load such as an 
unloaded transmission line, the schematic diagram is shown 
in Fig. 54 and the equivalent circuit in Fig. 55 for the 
condition of a terminal-to-terminal short circuit. The emf 
applied to the circuit is equal to the open-circuit voltage 
for the same short-circuit condition. The oscillographic 
results of tests made on a particular machine as terminal- 
to-terminal short circuits are applied for different amounts 
of connected capacitance are shown in Fig. 56. Resonance 

Xe 
V La %q 
where n represents the integers 1, 2, 3, etc., and also the 
order of the harmonic. The nature of this resonance phe- 
nomenon is illustrated more clearly by the curve of Fig. 57, 
in which is plotted the maximum voltage during short- 
circuit in per unit. 

To orient one’s self with regard to the length of line 
involved in these considerations, the figure in miles which 
appears below each oscillogram of Fig. 56 represents ap- 
proximately the length of single-circuit 66- or 220-kv 
transmission line that, with a generator having the char- 
acteristics of the one used in the test, is required to satisfy 
the given value of 2./+/2a'tq. These figures were arrived 
at by assuming a generator capacity of 25 000, 75 000, and 
200 000 kva for 66-, 132-, and 220-kv lines, respectively. 
For smaller machines the length will decrease in proportion. 

The possibility of the existence of such resonant condi- 
tions can be determined for other types of loads and other 
types of faults by setting up the network for the system 
and replacing the machine by the reactance 1/x,24’. This 
circuit should be set up for the positive-, negative-, and 
zero-sequence networks and the networks connected in 
accordance with the rules of symmetrical components. Any 
condition for which the impedance as viewed from the 
machine is zero or very small should be avoided. 

Since the danger of these high voltages arises from the 
dlissymmetry of the machines, it can be eliminated effec- 
tively by the installation of damper windings. Fig. 58 
presents oscillographic evidence of the voltages existing 
for machines equipped with different types of dampers as 


will occur near points for which the quantity =n, 
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Fig. 56—Effect upon the terminal voltage of varying the shunt capacitive reactance when a terminal-to-terminal short cir- 
cuit is applied to a machine without damper windings. 
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CREST VOLTAGE 
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ig. 57—Experimental values of crest voltages (twelfth cycle) 

from terminal a to b when switch in Fig. 54 is closed. Unit of 

voltage is crest of terminal-to-terminal voltage before short 
circuit. Xq/Xa’=2.2. Machine without damper winding. 


terminal-to-terminal short circuits and capacitive react- 
ances are applied simultaneously. While a continuous 
ov connected damper winding is most effective, a non- 


connected damper winding having a ratio of =", equal to 
d 

at least 1.35 will be found adequate for practically all 

purposes. 


IX. DAMPER WINDINGS 


The addition of copper damper windings to machines 
elfectively simplifies the characteristics of the machines 
as viewed externally in that harmonic effects are largely 
eliminated. However, the addition of other possible cir- 
cuits for current flow complicates the internal calculations. 
‘The influence of dampers can in most cases be evaluated 
in terms of their effect'* upon the subtransient reactances 
in the two axes. 


30. Types of Damper Windings 


Damper windings are of several general types. 

Connected Dampers—These consist essentially of 
ndings similar to a squirrel-cage or an induction motor. 

hey are continuous between poles as shown in Fig. 59 in 
Which (a) shows the connection between poles for a slow- 
speed machine and (b) shows the additional bracing re- 
‘tured in the form of an end ring for higher speed ma- 
chines. In this type of damper, tq” and za” have nearly 
the same magnitudes. 
. Non-connected Dampers—The dampers in each pole 
fice ure independent from those in adjacent poles, as shown 
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(hn) 
Fig. 58—Effect of damper windings. 
Terminal-to-terminal short circuit: 
(a) No dampers. 
(b) Connected copper damper. 

(c) Connected high resistance damper. 
(d) Non-Connected copper damper. 
Terminal-to-neutral short circuit: 

(e) No damper. 
(f) Connected copper damper. 


(g) Connected high resistance damper. 
(h) Non-connected copper damper. 


in Fig. 60. They are somewhat cheaper than connected 
dampers but at the expense of no longer being able to 
make z,” and xq’’ equal. 
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(a) (b) 
Fig. 59—Connected damper windings: 


(a) Slow-speed machine. 
(b) High-speed machine. 


Fig. 60—Two types of non-connected damper windings. 


Special Dampers—In this classification fall such 
dampers as double-deck windings, which are in effect a 
double winding, one of high resistance and low reactance 
and the other of low resistance and high reactance. The 
principal uses of this type are in motors where the com- 
bination provides better starting characteristics. At low 
speeds the high reactance of the low-resistance winding 
forces the current to flow through the high-resistance wind- 
ing, which produces a high torque. At higher speeds the 
low-resistance winding becomes effective. Another type of 
special winding is one that is insulated from the iron and 
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connected in series to slip rings. By connecting a variable 
resistor externally to the slip rings the starting character- 
istics can be varied at will. 

The general characteristics of damper windings will be 
discussed under the following heads. 


31. Balancing Action and Elimination of Voltage 
Distortion 


_ One of the earliest needs for damper windings arose from 
the use of single-phase generators and, later, phase bal- 
ancers. Such machines if unequipped with damper wind-' 
ings have characteristics which resemble closely those of 
a three-phase machine without damper windings when a 
single-phase load is drawn from it. Voltage distortion 
similar to that discussed under unbalanced short-circuits, 
occurs. In addition, if this condition persists the currents 
that flow in the body of the pole pieces, produce excessive 
heating. The addition of damper windings provides s low- 
resistance path for the flow of these currents and prevents 
both wave distortion and excessive heating. Because df. 
the steady character of the load, damper windings in 
single-phase machines and phase balancers must be heavier 
than those in three-phase machines. 

The best criteria of a polyphase machine to carry un- 
balanced load are its negative-sequence reactance and 
resistance. The former reflects its ability to prevent un- 
balancing of the voltage and the latter its ability to carry 
the negative-sequence current without undue heating of 
the rotor. These properties are particularly important for 
such fluctuating loads as electric furnaces. Not only do 
the dampers reduce voltage unbalance but also reduce 
wave form distortion. 


32. Negative-Sequence Reactance and Resistance 


As discussed previously the negative-sequence reactance 
and resistance of a machine are both affected by the damper 
windings. Table 2 shows the effect of different types of 
windings upon a 100-kva generator!? and Table 3 upon a 
5000-kva synchronous condenser.'* Both of these tables 
represent test results. 


TABLE 2— CONSTANTS OF A SYNCHRONOUS GENERATOR AS 
AFFECTED BY TYPE OF DAMPER WINDING (100 Kva, 
2300 Vouts, 25.2 AMPERES) 


Type Za! Ln V/ra' Xa en aa” Taq’ 
La 
No damper....| 0.260 | 0.577 | 0.388 2.22 | 0.028 | 0.105 
Zq"” 
” ” V aa"q" 7 
Za Xq Za 
Connected 
Copper..... 0.157 | 0.146 | 0.151 0.93 | 0.036 | 0.047 
Connected 
Everdur....| 0.171 | 0.157 | 0.164 0.92 | 0.063 | 0.111 
Non-connected 
Copper..... 0.154 | 0.390 0.245 2.53 | 0.037 | 0.113 


33. Damping Effect 


In the early days when prime movers consisted mostly 
of reciprocating engines the pulsating character of the 
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TABLE 3— CONSTANTS OF A SYNCHRONOUS CONDENSER AS 
AFFECTED BY TYPE OF DAMPER WINDING (5000 Kva, 
4000 VOLTS, 721 AMPERES) 


a ET RS a aT aaa 

rT. 2 3 (La +2q"") 

Type ee ee 
Test | Calculated | Test | Calculated 

No damper... .. 50. 0.045 0.040 0.75 0.69 
Connected copper... . 0.026 0.029 0.195 0.215 
Connected brass... .. 0.045 0.044 0.195 0.215 
Connected Ieverdur. .| 0.12 0.125 0.20 0.215 


torque made parallel operation difficult. This was success- 
fully solved by damper windings in that the damper wind- 
ing absorbed the energy of oscillation between machines 
and prevented the oscillations from becoming cumulative. 
More recently in consideration of the stability problem 
low-resistance damper windings have been advocated for 
the same reason. While a low-resistance damper winding 
will decrease the number of electro-mechanical oscillations 
following a disturbance this effect in itself is not impor- 
tant! in increasing the amount of power that can be 
transmitted over the system. 

‘The general influence of damper windings, their negative- 
sequence resistance and reactance, and also their purely 
damping action, upon the stability problem, is discussed 
in more detail in Chap. 13. \ 


34. Other Considerations Affecting Damper Wind- 
ings 

Synchronous generators feeding loads through trans- 
mission lines having a high ratio of resistance to reactance 
tend to set up spontaneous hunting.& This tendency is 
greater at light loads than at heavy loads, the criterion at 
which it tends to disappear being when the angle between 
the transient internal voltage and the load voltage equals 
the impedance angle of the connecting impedance. There 
necd not be any periodic impulse, such as the pulsating 
torque of a compressor, to initiate this phenomenon but 
it may very well aggravate the condition. Damper wind- 
ings are very effective in suppressing such inherent hunt- 
ing conditions and also alleviate hunting produced by 
periodic impulses, although the latter phenomenon is usu- 
ally climinated by altering the natural frequency of the 
system by changing the fly wheel effect of the generator 
or motor or both. Synchronous motors connected through 
high resistance lines or cables also develop spontaneous 
hunting but not so frequently as they are always provided 
with a damper winding. 

Series capacitors in decreasing the effective series react- 
nee increase the ratio of resistance to reactance and thus 
tend to increase the likelihood of spontaneous hunting. 

In general, where beneficial effects can accrue with the 
use of damper windings, the benefits are greater for con- 
nected or continuous dampers than for non-connected 
dampers, Mechanically there is no choice as both types 
can be made equally reliable. The non-connected winding 
lends itself somewhat easier to the removal of a pole but 
hot to sufficient extent to constitute a consideration in the 
choice of type to install. A ratio of z,’’ to ty’’ as low as 
ebout 1.35 can be obtained with non-connected and 1.1 
With connected dampers. Damper windings for which this 
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ratio is greater than 1.35 and less than 1.35 add 2 and 3 
percent, respectively, to the price of the machine. In con- 
sideration of the many complicated problems involved in 
the selection of a damper winding it would appear, in view 
of the low increase in cost of the connected damper, that 
if any damper winding is thought necessary, the connected 
type should be used. 


X. SELF-EXCITATION OF SYNCHRONOUS 
MACHINES 


When a synchronous machine is used to charge an un- 
loaded transmission line whose charging kva is equal ap- 
proximately to the kva of the machine, the machine may 
become self-excited and the voltage rise beyond control. 
The conditions that must be satisfied for this phenomenon 
to occur are made manifest by determining the machine 
characteristics for a constant inductive reactive load. 


NO LOAD 
SATURATION 


TERMINAL VOLTAGE 


x 


’ —| FIELD CURRENT 


Fig. 61—Construction of regulation curves for induction 
loading. 


In Fig. 61 the line OAG represents the no-load saturation 
curve. Suppose the machine is loaded with a three-phase 
reactor equal to x. ohms per phase. To determine the 
regulation curve for this impedance, that is, a curve of 
terminal voltage plotted against field current, proceed as 
follows: Choose an armature current such that 2,.7*, the 
terminal voltage, is approximately rated voltage. This 
voltage is given by the distance BD in Fig. 61. By adding 

*In this discussion, the terminal voltage is regarded as the terminal- 
to-neutral value. When terminal-to-terminal voltage is used the volt- 
age drops considered will have to be multiplied by +/3. 
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to this distance the z,2 drop, DA, the voltage behind Potier 
reactance denoted by the point A is obtained. The mag- 
petizing current to produce this voltage is given by the 
distance OB. In addition to this, however, the field current 
Az is required to overcome the demagnetizing effect of the 
armature current. For normal current, Az is the distance 
AN in the Potier triangle, O/N. In conclusion, to produce 
the terminal voltage F, the field current OC is necessary. 
The triangle BAC is a sort of Potier triangle, in which 
the Potier reactance is replaced by a reactance equal to 
(p+2-). Thus by drawing any line HG parallel to CA and 
GJ parallel to AF, the intersection with the vertical from 
H determines the terminal voltage for the excitation H. 
When the load consists of balanced capacitors having a 
reactance x, in which 2, is greater than z,, the impedance 
as viewed from the voltage behind Potier reactance is ca- 
pacitive and the armature current is magnetizing instead 
of demagnetizing. This case can be treated in a manner 
similar to that for an inductive-reactance load with some 
modifications as is shown in Fig. 62. In this figure the 
distance CF represents the terminal voltage produced by 
the external drop z.¢. Since the current leads the terminal 
voltage by ninety degrees the voltage behind Potier react- 
ance for the assumed armature current is found by sub- 


TERMINAL VOLTAGE 


FIELD CURRENT 


Fig. 62—Construction of regulation curves for capacitive 
loading. 


TERMINAL VOLTAGE 


ie) FIELD CURRENT 


Fig. 63—-Regulation curves for constant capacitive load of 
such values as to give the loads at rated voltage indicated on 
the curves. HG parallel to 0q. Point q represents excitation 
and internal voltage, neglecting saturation, to produce rated 
terminal voltage with 100-percent capacitive current. 


tracting the drop 2,7 giving the distance CD or BA. To 
produce this voltage the magnetizing current OB is re- 
quired but since the armature current is magnetizing to 
the extent of Az, the actual field current necessary is only 
OC. This determines F as a point in the regulation curve. - 
For other field currents such as the pomt H, draw HG 
parallel to CA until it intercepts the no-load saturation 
curve at G. Then draw GJ parallel to AF. The intersection 
with the vertical from H determines the point J. 
Fig. 63 dépicts the regulation curves for different sizes of 
capacitors. The number assigned to each curve represents 
the percent kva delivered at rated voltage. 
(Xe—Zp)t 
a At 
zero excitation it can be seen that if this angle is suffi¢iently 
small, intersection with the no-load saturation curve is 
possible, but as a increases a point is finally reached at - 
which intersection is impossible and the solution fails. 
This signifies that when this point is reached self-excitation 


The angle a in Fig. 62 is equal to tan 


does-not occur. This critical condition occurs when the - 


slope Geel equals the slope of the no-load saturation 


curve. In discussing the significance of xu use was made of . 


Fig. 10, where it was pointed out that DA is the current 
necessary to overcéme the demagnetizing effect, A7, of the 
armature current. The distance AB is the synchronous 
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IN MICROFARADS PER PHASE 


TERMINAL KV 


Fig. 64—Capacitance to ground of TURBINE-GENERATOR 
windings for 13 200-volt machines in microfarads per phase. 
For other voltages multiply by factor K in insert. 
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reactance drop xa? and DC the Potier reactance drop. 
Thus the slope of the no-load saturation curve is equal to 
Tate" The condition for self excitation is then that 


At 
(xo = tp) < (ta— tp) 
At At 
or 
Le<La (117) 


Stated otherwise, the machine will become self-excited if 


FR? 
the kva of the machine as defined by = is less than the 
d 


: ae eee ; : 
charging kva of the line - Since zq is, except for special 


cases, of the order of 120 percent, danger may threaten 
when the charging kva requirements of the line exceed 
approximately 80 percent of the kva of the machine. 


XI. CAPACITANCE OF MACHINE WINDINGS 


A knowledge of the capacitance to ground of machine 
windings is necessary for several reasons, among which are: 


(a) Grounding of Generators. This is discussed in con- 
siderable detail in the chapter on Grounding. The ca- 
pacitance to ground of the windings must be known so 
that the associated resistance can be selected. 

(b) System Grounding. The capacitance must be 
known so that the contribution of this element to the 
ground current can be determined for single line-to- 
ground faults. The contribution to the fault current for 
this condition is equal to 1/3 2afCoH X10~* where f is the 
system frequency, # the line-to-line voltage and C) the 
capacitance per phase in microfarads. 

(c) System Recovery Voltage. The capacitance of the 
rotating machines may be an important element in the 
determination of the system recovery voltage. It is cus- 


Fig. 65—Capacitance to ground of SALIENT-POLE GENERATORS AND MOTORS in microfarads per phase. 
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Fig. 66—Capacitance to ground of 2300-volt SYNCHRONOUS 

MOTORS in microfarads per phase to ground. For voltages 

between 2300 and 6600, the capacitance will not vary more 
than +15 percent from the values for 2300 volt. 


tomary to represent the machine capacitance in this 
work by placing one-half of the total capacitance to 
ground at the machine terminal. For details of this type 
of calculation refer to the chapter on Power-System 
Voltages and Currents During Abnormal Conditions. 
(d) Charging Kva. Jn testing the insulation of ma- 
chines, particularly in the field, it is sometimes necessary 
to know the approximate charging kva of the windings 
so that a transformer of sufficiently high rating can be 
provided beforehand to do the job. This is required 
either for normal routine testing, for testing at time of 
installation or for testing after rewinding. The charging 
kva per phase is equal to 2afCyH#?X 1078 where C) is the 
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Fig. 67—Capacitance to ground of 2300-volt INDUCTION 

MOTORS in microfarads per phase. For voltages between 

2300 and 6600, the capacitance will not vary more than 
+15 percent from the values for 2300 voits. 
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capacitance per phase to ground in microfarads and E is 
the applied voltage from winding to ground. 


Figures 64 to 67 provide basic data calculated for West- 
inghouse turbine generators and salient-pole generators 
and motors. The generator data was obtained from refer- 
ence 23 and the motor data from some unpublished ma- 
terial of Dr. E. L. Harder. This information should be 
typical of other machines to within about + 50 percent. 
In general, it should be borne in mind that these character- 
istics vary greatly between machines of different designs. 
Fortunately, however, not very great accuracy is required 
for the applications cited above. 


XII. NATURAL FREQUENCY OF SYNCHRONOUS 
MACHINE CONNECTED TO INFINITE BUS 


A synchronous machine connected to an infinite bus 
possesses a natural period of oscillation which is given in 
the ASA C50—1943 Rotating Electrical Machinery 
Standards as 


35 200 ee f 
= —— _ cycl 
(pm) V WR cycles per minute (118). 
where P, is the synchronizing power in kw per degree dis- 
placement, 


fis the system frequency. 

When given an angular displacement, the machine oscil- 
lates with this frequency and finally subsides unless sub- 
jected to periodic impulse of proper magnitude. It is not 
within the scope of this work to discuss this subject in its 
entirety, but merely to derive the above expression. 

If an incremental displacement A@ be assumed, the cor- 
responding synchronizing power is 


AP=P,A@ in kw (114) 


and Aé@ is in degrees. From the Stability Chapter it can be 
seen that the acceleration of the rotor is 


_ 180 f ‘ 
C2, qae | in deg/sec 
af 2 
“Te 2) Tkvay HOE} in rad/sec (115) 


an 


where the kva refers to the rating of the machine and H — 


the inertia constant. Substituting H from Eq. (93) 


w 108 f ; 
‘ 6 
0.231 (WR®) (rpm)? in rad/sec? — (116) 
and substituting AP from Eq. (114) 

108 fP, : 

os Aé ll 
“0.231 (W R2) (rpm)? (117) 
= —KAG@. (118) 

woe {Pe 

et (VR) (rpm)= 119 
= 0.231 (WR?*)(rpm)? (119) 


The sign of P, is actually negative as an increment in A@ 
produces a torque which tends to return the machine to the 


operating angle. Thus, K is positive. Now 
d?(A6) 
a=— = — Ks. (120) 


phic fick: . ademasciel 
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Further, let 


AO=A sin 2rfat (121) 
then substituting this relation into Eq. (120) 
—(27f,)? A sin 2rf,t=—KA sin 27rfyt 
from which 
VK 
fr= ge? 
: T 
Substituting A from Eq. (119) 
_ 587 | fP, 
fr= rpmV WR! cycles per sec (122) 


which converts to Iq. (1138). 


XIII. TYPICAL CONSTANTS AND CQSTS 


Both the voltage and the current at which a machine 
operates affect certain of the principal constants through 
the variability of the permeability of the iron. In this 
sense, these so-called constants are not in reality constant. 
Consider the transient reactance, xq’. If three-phase short- 
circuits are applied to a machine from no load, the react- 
ances so obtained vary with the excitation. Two of these 
quantities have been given special designations. Thus the 
reactance obtained when the excitation is such as to pro- 
duce rated voltage at no load before the short-circuit is 
called the “rated-voltage reactance” and the reactance 
obtained when the excitation is reduced so as to produce 
from no load a transient component of the short-circuit 


1.0 


TURBINE GENERATORS 


° 
wo 


1.0 


SALIENT-POLE GENERATORS 
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aise 68—Saturation factors for transient reactance. Three- 
Phase short circuits from rated voltage no load. Current 
limited by series reactance. 
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current equal to rated value is called the “rated-current 
reactance.” 

A knowledge of these two values of x4’ is not sufficient 
for all applications for which za’ is required. The rated- 
current xq’, because of lower excitation, lends itself more 
readily for determination from test. The rated-voltage 2a’ 
is that required for short-circuit studies. Saturation within 
the machine is a minimum for the former and a maximum 
for the latter. The rated voltage value is sometimes called 
the “saturated value” and is the value usually given by the 
designer. Certain applications, such as stability studies, 
demand a quantity determined under conditions for which 
the terminal voltage is near rated voltage and the armature 
current is likewise near its rated current. Fig. 68 obtained 
from data presented by Kilgore!® shows how the reactances 
of typical machines of different classes vary if three-phase 
short-circuits were applied from rated voltage no load, the 
current being altered by introducing different external 
reactances in the armature circuits. The rated-current 
figure is used as a base for all the curves. The particular 
reactance on the curves for rated current is the one that 
would have greatest utility for stability and regulation 
problems. No specific name has been assigned to this 
quantity. 

Similar considerations apply to the subtransient react- 
ances, with this difference, that the rated-current reactance 
ta’ is obtained from the same test as that for which the 
rated-current reactance of x4’ was obtained. In this case 
rated current refers to the transient component and not 
the subtransient component of current. Fig. 69 shows how 


2-POLE 
TURBINE GENERATOR 


4-POLE 
TURBINE GENERATOR 


SALIENT-POLE MACHINES 
WITHOUT DAMPER WINDINGS 


SATURATION FACTORS IN TERMS OF RATEO-CURRENT VALUE 


0 t 2 3 4 
TRANSIENT COMPONENT OF 
ARMATURE CURRENT IN PER UNIT 


Fig. 69—Saturation factors for subtransient reactance. 

“Rated current’’ value used as base. All reactances from 

three-phase short circuits without external reactance. Satu- 

ration factors for salient-pole machine with damper winding 
is equal to unity. 
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xy’ varies with the transient component of current, all 
points being obtained from three-phase short-circuits with 
no external reactance, the current being altered by the 
excitation before the short-circuit. 

Tn general, it is unnecessary to make this distinction for 
the negative-sequence reactance. The AJEE code sug- 
gests determination of x, by means of the method discussed 


PER UNIT REACTANCE 
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Fig. 70—Normal unsaturated transient reactance (xau’) for 
waterwheel generators. 


80000 100000 120000 


under Negative-Sequence Reactance, the current during 
the sustained terminal-to-terminal short-circuit being 
limited to the rated current. 

The normal value of x’ay designed into waterwheel gen- 
erators varies with the kva capacity and speed. These 
values are plotted in curve form in Fig. 70. To obtain 
lower values than those indicated usually involves an 
increased cost. 

The angular relations within the machine are determined 
to a large extent by xq. The variation, by test, of xq for 
several salient-pole machines:” is shown in Fig. 71. 


° 
a 


Xq IN PER UNIT 


0.4 0.6 0.8 1.0 
ARMATURE CURRENT IN PER UNIT 


Fig. 71—x, for salient-pole machines. 
A=7500 kva generator without damper winding. 
B=750 kva generator without damper winding. 


C=331 kva motor with damper winding removed. 
D= 100 kva generator with damper winding. 


The zero-sequence reactance, as evidenced by Fig. 72 
taken from Wright’s paper,” is not affected to any great 
extent in the region for which it has greatest use. 

For practical purposes the effect of saturation upon the 
open-circuit transient time constant Ty’, and the sub- 
transient short-circuit time constant T4’’ can be neglected. 
In general, T'4’ varies ” in the same manner as 2q’, so that 


/ 
; x fe ny 8h fe, Bae of, 
the relation Loe Ta’ is still maintained. Because of 
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Fig. 72—Variation of x, for turbine generators. 
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Fig. 73—Open-circuit transient time constants of a-c gen- 


erators and motors. 
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Fig. 74—Open-circuit transient time constants of turbine 
generators. 


the wide variation of Ta’. with the size of the unit the 
curves of Figs. 73 and 74 taken from a paper by Hahn 
and Wagner, are also included. 

Table 4 gives both the range of typical constants that 
are characteristic of normal designs and also an average 
that can be used for general purposes when the: specific 
value of a particular machine is not known. The negative- 
sequence resistance is that obtained at a negative-sequence 
current equal to rated current. It must be kept in mind 
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that the loss associated therewith varies as the second 
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PERCENTAGE INCREASE IN H 
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SHORT CIRCUIT RATIO 


Fig. 76—Effect of short-circuit ratio upon H. 
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PERCENT INCREASE IN H 


Fig. 77—Effect of increasing H above the normal values given 
by Fig. 75. 


COST PER KVA IN DOLLARS 


THOUSANDS OF KVA 


Fig. 78—Cost of waterwheel generators including direct-con- 
nected exciters only. 


(0.8 power-factor and 1.0 short circuit ratio) 
(0.9 power-factor and 1.1 short circuit ratio) 
(1.0 power-factor and 1.25 short circuit ratio) 


PERCENTAGE INCREASE IN COST 
(a) 


SHORT CIRCUIT RATIO 


Fig. 79—Effect of short-circuit ratio upon cost (Normal 1.0 
short-circuit ratio and 0.8 power-factor used as base), aM 


COST PER KVA IN DOLLARS 


THOUSANDS OF KVA 


Fig. 80—Cost of synchronous condensers including exciter ‘ 
and autotransformer. 4 


in Fig. 79. Naturally these figures will vary from year to 3 
year with the cost of materials and labor. { 

The condenser cost per kva including the exciter, pilot 4 
exciter, and auto-transformer is plotted in Fig. 80. The } 
exciter kw varies with the size of the unit, ranging from § 
1.2, 0.7, and 0.32 percent for a 1000, 5000, and 50 000-kva } 
unit, respectively. ’ 

The cost of normal exciters for water-whecl generators | 
varies from 7 to 13 percent of the cost of the generator F 
alone for slow speeds, and from 2.5 to 6 percent for high ; 
speeds. The larger figures apply for units of about 3000 
kva and the smaller figures for machines of about 50 000 
kva. Direct-connected pilot exciters cost approximately 4 
30 percent of that of the exciter. 


XIV. INDUCTION MOTORS 


The equivalent circuit of the induction motor is shown 


oes i ; : 8 
in Fig. 31. The loss in the resistor r, represents the 


shaft power and since the circuit is on a per phase basis, ’ 
the total shaft power is thus 
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+= 
Totals power=-—*(3r,i-) in watts (123) 
is Yess 
= ® rhe i ‘e 
746 yrs) in hp 
The rotor copper loss is (3r,i,2). Therefore, neglecting 
other losses, the efficiency is: 


(124) 


total shaft power 


ea total shaft power+ rotor copper loss 
l-s 
Ss 
=e =1l—s. (125) 
. +1 
% 


Thus, the efficiency decreases with increasing slip. For 
10 percent slip the efficiency is 90 percent, for 90 percent 
slip the efficiency is 10 percent. Similarly, the rotor copper 
loss is directly proportional to slip; being 10 percent for 
{0 percent slip and 90 percent for 90 percent slip. 

The total shaft power can also be expressed in terms of 
torques. Thus, 


Total shaft horse power = 27 cp in Ib ft) (TPM) eyn. (18). 


33 000 
(126) 
quating (124) and (126), the torque is 
~ 4 2). 
T=7.04 1 (3 rly ) in matter {t. (127) 
(rpm) syn. Sin per unit 


The equivalent circuit of Fig. 31 can be simplified con- 
siderably by shifting the magnetizing branch to directly 
wcross the terminals. The resultant approximate circuit 
is shown in Fig. 81. This approximation permits of 


IX Ts 


UX, tr 


-$ 
=r 


Fig. 81—Approximate equivalent circuit of induction motor. 


relatively simple determination of 7,, so that Eq. (127) 
becomes 


Tr 
ps : Ib ft. (128) 
(rpm) syn. rr 2 
mt +(z,+2,)? 


Most transients involving induction motors fall within 
One of two categories; first, those in which the machine is 
“isconnected from the source of power and, second, those 
'n which the machine remains connected to the source of 
Power, In the first case the transient is determined largely 

y changes in magnetization and may be quite long. An 
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example of this case is the phenomena that. occurs during 
the interval between the transfer of power-house auxiliaries 
from one source to another. In the second case, the tran- 
sient is determined by reactions involving both the stator 
and rotor and the duration is quite short. Examples, of 
this case, are the sudden energization of an induction motor 
or sudden short circuit across its terminals. 


35 Contribution to System Short-Circuit Current 


In the calculation of system short circuits only synchro- 
nous machines are usually considered but in special cases 
where induction machines constitute a large proportion of 
the load, their contribution to the short-circuit current 
even if its duration is only a few cycles may be large enough 
to influence the choice of the breaker from the standpoint 
of its short-time rating, that is, the maximum rms current 
the breaker can carry for any time, however small. 

As a first approximation the short-circuit current sup- 
plied by an induction motor can be resolved into an alter- 
nating and a unidirectional component much like that for 
a synchronous machine. The initial rms magnitude of the 
alternating component is equal to the terminal voltage 
to neutral divided by the blocked rotor impedance per 
phase. The time constants are namely, 
for the alternating component, 


(blocked rotor reactance per phase in ohms) . 
: . in cycles. 
2m (rotor resistance per phase in ohms) 


for the unidirectional component, 
(blocked rotor reactance per phase in ohms) 
27 (stator resistance per phase in ohms) 


Fig. 82 shows the short-circuit current of a 25-horse-power, 
550-volt squirrel-cage motor. The dotted line in the upper 


in cycles. 


Fig. 82—Short-circuit currents in armature of squirrel-cage 
induction motor, 
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curve indicates the computed value of the envelope of the 
alternating component of short-circuit current. The am- 
plitude shows a substantial check but the computed time 
constant was low. This can probably be attributed to using 
the a-c resistance of the rotor rather than the d-c resistance. 
The dotted line in the lower curve is the computed value of 
the unidirectional component which checks quite well. 
Wound-rotor motors, operated with a substantial amount 
of external resistance, will have such small time constants 
that their contribution to the short-circuit can be neglected. 


36. Electro-Mechanical Starting Transient 


Fig. 31 shows the conventional diagram of an induction 
motor. In the present discussion the per unit system of 
units will continue to be used, in which unit current is the 
current necessary to develop the rated power at the rated 
voltage. The unit of both power and reactive volt-amperes 
will be the rated kva of the motor and not the rated power 
either in kilowatts or horse power. This convention is 
consistent with the choice of units for the impedances. At 
rated slip the volt-amperes input into the stator must be 


‘ : F l-s 
equal to unity but the power absorbed in the resistor at 


will be less than unity and will be equal numerically to 
the ratio of the rated power of the motor to the rated kva. 
The unit of shaft torque requires special comment. The 
shaft power can be expressed as 


Shaft Power in kw=kvavatea I ra (129) 
In terms of torque the shaft power is equal to 
Shaft Power in kw 
T in ib ft 2(rpm) synch. (1—$) 
=0.746-——___________—— 130 
33 000 Ge) 
Equating, there results that 
2 33 000 ie 
Tin lb {t= 27(0.746) (rpm) cyan KVArated Ir (131) 


If unit torque be defined as that torque required to pro- 
duce a shaft power equal to rated kva at synchronous 
speed, then from (130), the unit of torque is 
33 000 
27 (0.746) (rpm) synch. 


and equation (131) in per unit becomes 


kva rated 


T in p.u.= IF (132) 
For the purpose of determining the nature of electro- 
mechanical transients upon starting a motor from rest, the 
first step involves the calculation of the shaft torque as a 
function of the speed. Hither the conventional method of 
the circle diagram or expression (132) can be used. In 
using the latter method it is only necessary to solve the 
network of Fig. (31) and substitute the solution of J, there- 
from into Eq. (132). A solution of a typical motor is shown 
in Fig. 83. For most motors the magnetizing branch can be 
neglected, for which case the torque expression becomes 
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Fig. 83--Hlustrating calculation of speed-time curve of an 
induction motor upon application of full voltage. 


rr 
s§ 


Gotzy+(ro+2) 


T in per unit =e? (133) 


The crosses close to the torque curve in Fig. 83 were 
computed by this expression. 

In Fig. 83 is also shown the torque requirements of a 
particular load such as a blower. Upon applying voltage 
to the motor the difference between the torque developed 
by the motor and that required by the load is the torque’ 
available for acceleration of the rotor. To convert to accel-* 
eration it is convenient to introduce a constant, H, which. 
is equal to the stored energy in kw-sec. per kva of rating 
at synchronous speed. H may be computed by means of 
Eq. (93). WR? must, of course, include the WR? of the con- , 
nected load. 

Suppose that one per unit torque is applied to the motor’ 
which means that at synchronous speed the power input 
into acceleration of the rotor is equal to rated kva, and. 
suppose further that the rotor is brought to synchronous. 
speed in one second. During this interval the acceleration ' 
is constant (1 per unit) and the power input increases 
linearly with time so that at the end of one second the, 
stored energy of rotation is (14 kva) in kw-sec. Thus 1 per: 
unit of torque produces 1 per unit of acceleration if the, 
inertia is such that 14 kva of stored energy is produced in 
one second. From this it can be seen that if the inertia is 
such that at synchronous speed the stored energy is H,; 
then to develop this energy in one second, the same acceler-, 
ation but a torque 2H times as great i is required. Therefore, 
there results that 


PT; 


(134)! 
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; dw ‘ : 
Acceleration can be expressed as mT and its reciprocal 


at 
is Wes 


Thus from (134) 


== (135) 


This function is likewise plotted in Fig. 83. The utility of 
this form of the expression may be seen at once from the 


fact that . is known as a function of w and the time to 
' w 


reach any value of w can be determined by a simple 


integration. Thus 
dt 
t= — )d 
| (2) 


By summing up areas (such as indicated by the shaded 
portion) in a vertical direction, the time to reach any 
speed is obtained. The curve of time so obtained is 
plotted in Fig. 83. 

The following formula can be used to form an approxi- 
mate idea of the time required to accelerate a motor, 
whose load varies as the square or cube of the speed, to 
half speed 


(136) 


H(as aa) 


re"¢ 


All of the above units must be expressed in per unit. Re- 
member also that x, should include any external react- 
ance in the stator back to the point where the voltage 
may be regarded as constant and e, should be that con- 
stant voltage. 


Time to half speed = in seconds (1387) 


37. Residual Voltage 


If an induction motor is disconnected from its supply, it 
rotates for some time, the rate of deceleration being de- 
termined by the inertia of its own rotor and the inertia of 
the load and also by the nature of the load. Because of 
the inductance of the rotor, flux is entrapped and voltage 
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RESIDUAL VOLTAGE-VOLTS 
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Fig. 84—Decay of residual voltage® of a group of power house 
S auxiliary motors. 
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Fig. 85—Typical time constants for 2300-volt squirrel cage 
induction motors. 


appears at the open terminals of the machine. If the volt- 
age source is reapplied when the source voltage and residual 
voltage of the motor are out of phase, currents exceeding 
starting values may be obtained. 
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Fig. 86—Approximate variation of price with voltage and horsepower of squirrel-cage 
induction motors. These values apply approximately for 8 poles or less for 60-cycle 


motors. 
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Figure 84 shows the decay of a group of power-house 
auxiliary motors*. The group had a total rating of 2500 
kw of which the largest was 1250 hp. This curve includes 
not only the effect of magnetic decay but the reduction in 
voltage due to decrease in speed. The open-circuit time 
constant for individual 2300-volt machines is given in Fig. 
85. There is a great variance in this constant between 
different designs but these curves give an idea of the mag- 
nitude for squirrel-cage induction machines. 


38. Cost of Induction Motors 


The price of induction motors of a given rating varies 
with the voltage. As the rating increases the most eco- 
nomical voltage also increases. To form a basis of judg- 
ment of the effect of voltage upon size the curve in Fig. 86 
was prepared. 
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EXCITATION SYSTEMS 
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countered in the operation of electrical systems, and 

operating engineers had little concern about system 
stability. As the loads grew and systems expanded, it be- 
came necessary to operate synchronous machines in paral- 
lel, and difficulties encountered were not well understood. 
In certain areas it became necessary to locate generating 
stations some distance from the load centers, which in- 
volved the transmission of power over long distances. It 
soon became apparent that system stability was of vital 
importance in these cases and also in the operation of large 
interconnected systems. 

In 1922, a group of engineers undertook solution of the 
stability problem to determine the factors involved that 
most affected the ability of a system to transfer power from 
one point to another. The results of these studies were 
presented before the AIEE in a group of papers* in 1924, 
and it was pointed out that the synchronous machine ex- 
citation systems are an important factor in the problem of 
determining the time variation of angle, voltage, and power 
quantities during transient disturbances. E. B. Shand 
stressed the theoretical possibility of increasing the steady- 
state power that could be transmitted over transmission 
lines through the use of a generator voltage regulator and 
un excitation system with a high degree of response so that 
operation in the region of dynamic stability would be pos- 
sible. It was not recommended that this region of dynamic 
stability be considered for normal operation, but that it be 
considered additional margin in determining permissible 
power transfer. 

Improvement of the excitation systems, therefore, ap- 
peared to be at least one method of increasing the stability 
limits of systems and preventing the separations occurring 
during transient conditions. Greater interest in the design 
of excitation systems and their component parts developed, 
and exciters with higher speeds of response and faster, 
More accurate generator voltage regulators were soon 
introduced to the industry. 

Karly excitation systems were of many different forms 
(depending principally upon whether the main generators 
Were small or large in rating and whether the installation 
Was a steam or hydroelectric station. The two broad 
classifications were those using a common excitation bus 
and those using an individual exciter for each main gen- 
crator. The common exciter bus was generally energized 
by Several exciters driven by motors, turbines, steam en- 
8ines, waterwheels, or combinations of these to provide a 
main and emergency drive. Standby exciter capacity was 
Provided in the common-bus system by a battery floated 
“ALLELE, Transactions, Vol. 43, 1924, pp. 16-103. 


Pes to 1920 relatively little difficulty was en- 
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on the bus. It usually had sufficient capacity to carry the 
excitation requirements of the entire station for at least an 
hour. 

Motor or turbine drive was also used in the individual- 
exciter system, but it was not long before it was realized 
that direct-connection of the exciter to the generator shaft 
offered an excellent answer to the many problems encoun- 
tered with separately-driven exciters and this system grew 
rapidly in popularity. The standby excitation source was 
usually a spare exciter, either motor- or turbine-driven, 
and in case of trouble with the main exciter, transfer was 
accomplished manually. 

Pilot exciters had not been used up to that time. The 
exciters were invariably self-excited. In the common-bus 
system without a floating battery, the bus was operated 
at constant voltage supplied by compound-wound d-c gen- 
erators. Thus, practically constant voltage was obtained 
on the bus and control of the individual a-c generator field 
voltage was accomplished by using a variable rheostat in 
each field as shown in Fig. 1. When a standby battery was 
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A-G GENERATOR FIELDS 


Fig. 1—-Common-exciter-bus excitation system using flat- 
compounded exciters and a-c generator field rheostats. 
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floated on the common bus, however, the exciters were 
shunt-wound to prevent polarity reversal by reversal of 
the series-field current. The a-c generator-field rheostat 
required in the common-bus system was a large and bulky 
device, which had considerable loss and required a great 
deal of maintenance. Control of voltage was under hand- 
regulation. 

In the individual-exciter system, the exciter was a shunt- 
wound machine with field control enabling it to operate as 
a variable-voltage source. The exciter usually operated at 
voltages between 30 and 100 percent, lower field voltages 
being obtained with a generator-field rheostat so that the 
exciter could operate slightly saturated and be stable. 

The generator voltage regulators in use at that time were 
predominantly of the continuously-vibrating type. The 
fact that these regulators were not suitable for use with 
the new exciters with fast response and high ceiling voltages 
prompted the development of new types of regulators.* 

In the past 25 years, there have been many developments 
in excitation-system design and practices. There is an 
unceasing search among designers and users alike to find 
ways of improving excitation-system performance through 
use of various types of d-c generators, electronic con- 
verters, and better controlling devices. The ultimate aim 
is to achieve an ideal in rate of response, simplicity, reli- 
ability, accuracy, sensitivity, etc. The achievement of all 
of these ideals simultaneously is a difficult problem. 

A review of the common excitation systems in use at the 
present time is presented in this chapter. The design and 
characteristics of each of the component parts are dis- 
cussed, along with the methods of combining these parts 
to form an excitation system having the most desirable 
features. Methods of calculating and analyzing excitation 
system performance are also included. 


I. DEFINITIONS 


Tn discussing excitation systems, a number of terms are 
used, the meaning of which may not be entirely clear. The 
following definitions are proposed for inclusion in the new 
edition of the American Standards Association, Publication 
C42, “Definitions of Electrical Terms”. 

Excitation System—An excitation system is the source of field 

current for the excitation of a principal electric machine, includ- 
ing means for its control. 
An excitation system, therefore, includes all of the equip- 
ment required to supply field current to excite a principal 
electric machine, which may be an a-c or d-c machine, and 
any equipment provided to regulate or control the amount 
of field current delivered. 


Exciter Ceiling Voltage—Exciter ceiling voltage is the max- 
imum voltage that may be attained by an exciter with specified 
conditions of load. For rotating exciters ceiling should be de- 
termined at rated speed and specified field temperature. 

Nominal Exciter Ceiling Voltage—Nominal exciter ceiling 
voltage is the ceiling voltage of an exciter loaded with a resistor 
having an ohmic value equal to the resistance of the field winding 


*A symposium of papers on excitation systems was presented 
before the AIEE in 1920 and gives details of equipment and practices 
in use at that time. See AJEE Transactions, Vol. 39, Part II, 1920, 
pp. 1551-1637. 
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to be excited. This resistance shall be determined at a tempera. 
ture of: 


(a) 75C for field windings designed to operate at rating with g 
temperature rise of 60C or less 

(b) 100C for field windings designed to operate at rating with g 
temperature rise greater than 60C. 


For rotating exciters the temperature of the exciter field winding 
should be considered to be 75C. 

Rated-Load Field Voltage—Rated-load field voltage is the volt. 
age required across the terminals of the field winding of an 
electric machine under rated continuous load conditions with the 
field winding at: 


(a) 75C for field windings designed to operate at rating with 
a temperature rise of 60C or less 
(b) 100C for field windings designed to operate at rating with 


a temperature rise greater than 60C. " 


No-Load Field Voltage—No-load field voltage is the voltage 
required across the terminals of the field winding of an electric 
machine under conditions of no load, rated speed and termina] 
voltage, and with the field winding at 25C. 


In the definitions of rated-load and no-load field voltage, 
the terminals of the field winding are considered to be such 
that the brush drop is included in the voltage in the case 
of an a-c synchronous machine having slip rings. 


Excitation System Stability—Excitation system stability is the 
ability of the excitation system to control the field voltage of the 
principal machine so that transient changes in the regulated 
voltage are effectively suppressed and sustained oscillations in the 
regulated voltage are not produced by the excitation system 
during steady-load conditions or following a change to a new 
steady-load condition. 

Exciter Response—Exciter response is the rate of increase or 
decrease of the exciter voltage when a change in this voltage is 
demanded. 

Main-Exciter Response Ratio—The main-exciter response ratio 
is the numerical value obtained when the response, in volts per 
second, is divided by the rated-load field voltage; which response, 
if maintained constant, would develop, in one-half second, the 
same excitation voltage-time area as attained by the actual ex- 
citer. The response is determined with no load on the exciter, 
with the exciter voltage initially equal to the rated-load field 
voltage, and then suddenly establishing circuit conditions which — 
would be used to obtain nominal exciter ceiling voltage. 

Note: For a rotating exciter, response should be determined 
at rated speed. This definition does not apply to main exciters 
having one or more series fields or to electronic exciters. 


In using the per-unit system of designating exciter volt- 
ages, several choices are available from which to choose 
the unit. 

First, the rated voltage of the exciter would appear to be 
the fundamental basis, but for system analysis it has very 
little utility. 

Second, for specification purposes it has become’standard 
through the adoption by the AIEE and ASA to use the | 
rated-load field voltage as unity. It should be noted that : 
rated-load field voltage is the voltage formerly referred to ° 
as “nominal slip-ring” or “nominal collector-ring” voltage. — 

Third, the exciter voltage necessary to circulate the field 
current required to produce rated voltage on the air-gap : 
line of the main machine. For analytical purposes this is ; 
the one most generally used and is the one used in the } 
analytical work in Chap. 6. Under steady-state conditions, | 
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no saturation, and using this definition, exciter voltage, 
field current and synchronous internal voltage become 
equal. 

Fourth, the slip-ring voltage necessary to produce rated 
voltage at no load or no-load field voltage is sometimes, but 
rather infrequently used. This definition includes the small 
amount of saturation present within the machine at no load. 

Exciters for turbine generators of less than 10 000 kilo- 
watts capacity are rated at 125 volts, and those for larger 
units are generally rated 250 volts. Some of the large units 
placed in service recently have exciters rated 375 volts. 
The vast majority of exciters in use with all types of syn- 
chronous machines greater than 10 000 kilowatts in capac- 
ity are rated 250 volts. On this rating the rated-load field 
voltage is of the order of 200 volts or 80 percent of the 
exciter rating. The exciter voltage required to produce the 
field current in the main machine corresponding to rated 
voltage on the air-gap line is usually about 90 volts or 
36 percent of the exciter rating. Using this value as 1.0 
per unit exciter voltage, the rated-load field voltage is 
approximately 2.2 per unit. 

The nominal exciter ceiling voltage is defined above and 
can be interpreted as being the maximum voltage the ex- 
citer attains with all of the field-circuit resistance under 
control of the voltage regulator short circuited. On a 250- 
volt exciter, the ceiling voltage is usually about 300 to 330 
volts, which is 120 to 132 percent of the exciter rated 
voltage, or 3.8 to 3.7 per unit. The relative values of these 
quantities are shown graphically in Fig. 2. 

The construction of the response line in accordance with 
the definition for determining main-exciter response ratio 
is also included in Fig. 2. The curve aed is the actual 
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voltage-time curve of the exciter as determined under the 
specified conditions. Beginning at the rated-load field volt- 
age, point a, the straight line ac is drawn so that the area 
under it, abc, during the one-half second interval from zero 
time is equal to the area under the actual voltage-time 
curve, abde, during the same interval. The response used 
in determining response ratio is the slope of the line ac in 
volts per second; 


100 volts 
0.5 second 


The rated-load field voltage is 200 volts, and the response 
ratio, obtained by dividing the response by the rated-load 
field voltage, is 1.0. The work can also be done by express- 
ing the voltages as per-unit values. 

The half-second interval is chosen because it corresponds 
approximately to one-half period of the natural electro- 
mechanical oscillation of the average power system. It is 
the time during which the exciter must become active if 
it is to be effective in assisting to maintain system stability. 


= 200 volts per second. 


II. MAIN EXCITERS 


The main exciter is a source of field current for the 
principal electric machine. Thus, any d-c machine that 
might be used to serve this purpose can be called a main 
exciter. Seldom are storage batteries used as main exciters. 
With a main generator of any appreciable size, the diffi- 
culties encountered in finding room for the battery, in 
maintaining the charge, and in keeping the battery in good 
operating condition are such as to make it impractical. 
Many other types of d-c machines have been developed 
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Fig. 2—Construction for determining main-exciter response ratio showing relative values of important quantities for 250- 
volt main exciter. 


198 


to a high degree of specialization for use as main exciters 
that offer many operating and maintenance advantages 
over a battery. 

Main exciters, in general, can be grouped into two classi- 
fications; i.e., rotating and non-rotating d-c machines. The 
most common form of rotating main exciter is the more or 
less conventional d-c generator. The term “conventional” 
is used with reservation since a d-c generator built for the 
purpose of supplying excitation for a synchronous machine 
has incorporated in it many features to improve reliability 
and reduce maintenance not found on d-c generators used 
for other purposes. Aside from these special features, the 
theory of operation is the same as the conventional d-c 
generator. A new form of rotating exciter that has made 
its appearance in recent years is the main-exciter Rototrol. 
The Rototrol or rotating amplifier is very different in its 
operation from the conventional main exciter. The major 
static or non-rotating form of main exciter is the electronic 
exciter. 

Each of these d-c machines, in regard to its application 
as a main exciter, is discussed in detail in the sections 
that follow. 


1. Prime Movers for Main Exciters 


Rotating main exciters are of either the direct-connected 
type or the separately-driven type. A direct-connected 
main exciter is one coupled directly to the shaft of the main 
generator and rotates at the same speed. A modification 
is the geared or shaft-driven exciter, driven through a gear 
by the shaft of the main generator. Problems of gear main- 
tenance are introduced, but this enables the two machines 
to operate at different speeds. A separately-driven main 
exciter is usually driven by a motor, the complete unit 
being called an exciter m-g set, or it can be driven by some 
other form of prime mover such as a steam turbine or a 
hydraulic turbine. 

Loss of excitation of an a-c generator generally means 
that it must be removed from service. Hence a reliable 
source of excitation is essential. If the main exciter should 
stop running while the main generator is still capable of 
operating, blame for the resultant outage would be placed 
on the main exciter. Considerable expense, therefore, can 


be justified to provide a reliable source of power to drive. 
the main exciter. The type of drive accepted as reliable’ 


depends upon the type of synchronous machine being ex- 
cited; that is, whether it be a generator or a synchronous 
condenser. 

Exciter M-G Set—The exciter m-g set can be driven 
by a synchronous or induction motor. Direct-current mo- 
tors have been used in some cases. The synchronous motor 
drive is undesirable, because of the possibility of transient 
disturbances on the motor supply system causing insta- 
bility. Induction motors are ordinarily applied where the 
exciter m-g set is used. In any event, the motor must be 
specially designed to drive the main exciter through any 
form of system disturbance. 

Power supply for the motor is, of course, important. The 
exciter m-g set might be classed as an essential auxiliary 
for operation of the generator, and may receive its power 
from the auxiliary power-supply system. Most essential 
auxiliaries have a dual power supply comprising a normal 
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and an emergency supply, and automatic quick-transfer 
to the emergency supply is provided in case of failure of 
the normal supply. In some cases, dual prime movers are 
used such as a motor and a steam turbine, the turbine 
taking over the drive when the motor power supply fails. 
The driving motor can be connected directly to the main 
generator terminals through an appropriate transformer. 
It is then subject to voltage disturbances on the main 
system. 

The motor is apt to be subjected to voltage disturbances 
regardless of the source of its power supply, and it is nec- 
essary to construct the m-g set so that it can withstand 
these disturbances without affecting the excitation of the 
main a-c generator. The inertia constant of the m-g set 
and the pull-out torque of the motor must be high enough 
to assure that the speed of the set does not change appre- 
ciably or the motor stall during momentary voltage dips. 
The response ratio and ceiling voltage of the exciter must 
take into consideration any speed change that may occur. 
In arriving at values for these various factors, it is neces. 
sary that some time interval and voltage condition for the 
system disturbance be chosen. A common requirement is 
that the exciter m-g set be capable of delivering maximum 
forcing excitation to the generator field during a system 
disturbance when the motor voltage is 70 percent of normal 
for a period of one-half second. Based on this criterion, 
characteristics of the exciter m-g set have become fairly 
well standardized as follows: 


Inertia constant of the entire m-g set, H =5.0. 

Pull-out torque of driving motor, Pmax =500 percent. 

Response ratio of main exciter when operating at rated 
speed, R=2.0. 

Nominal exciter ceiling voltage when operating at rated 
speed, Emex = 160 percent. 


When an exciter m-g set is used with a synchronous 
condenser, the logical source of power for the motor is the 
system that energizes the condenser. In this respect, the 
use of exciter m-g sets with synchronous condensers does 
not involve many complications. 

Direct-Connected Exciter—The most reliable prime’ 
mover for the main exciter is the same prime mover that 
drives the a-c machine being excited. This was realized 
many years ago when main exciters were first coupled to 


the shafts of the generators. The reliability of this form of - 


drive is obvious and no elaboration is necessary. However, 
in the case of high-speed turbine generators, early installa- 
tions experienced trouble in operation of the d-c exciters at 
high speeds. These difficulties have been completely over- 
come by adequate design of the exciter, special features 
being included for operation at 3600 rpm. Direct connec- 
tion of the main exciter is widely accepted in the utility 
industry. 


2. Conventional Main Exciters 


Conventional main exciters, in general, can be classified 
according to their method of excitation, being either self- 
excited or separately-excited. In the former the field wind- 
ing or windings are connected across the terminals of the 
machine through variable resistors and in the latter the 


field windings with their resistors are connected toa source | 


1 
| 
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Fig. 3—Two common forms of shunt-excited main exciters. 


(a) self-excited. 
(b) separately-excited. 


of essentially constant voltage such as a small auxiliary 
flat-compounded exciter, called a pilot exciter. The basic 
connections of these two forms of main exciter are shown 
in Figs. 3(a) and (b). 

The curve oca in Fig. 4 represents the no-load saturation 
curve of a conventional d-c generator that might be used 
asamain exciter. An examination of the curve reveals that 
for values of voltage less than approximately 75 percent of 
rated armature voltage substantially all of the field current 
is expended in forcing magnetic flux across the air gap of 
the machine. In this region the voltage output is directly 
proportional to the field current, and a line drawn coincid- 
ing with the straight portion of the curve is called the air- 
yap line. Above the straight-line portion of the curve, the 
voltage output is no longer proportional to the field cur- 
rent, and a given percentage increase in voltage output 
requires a greater percentage increase in the field current. 
Under this condition, the machine is saturated and a 
greater proportion of the field ampere-turns are used in 
forcing flux through the magnetic circuit. 

The field windings of the main exciter are frequently 
divided into two or more parallel circuits and in the present 
discussion the field current is always referred to as the 
current in one of the parallel circuits. For either the self- 
or Separately-excited exciter, the terminal voltage is varied 
by simply changing the resistance of the field circuit. The 
field resistance line OA in Fig. 4 is drawn so that its slope 
1s equal to the resistance of the field, that is, the ordinate 
at any point divided by the field current is the total resist- 
ince of one circuit of the field winding. At no-load, the 
intersection of the no-load saturation curve with the line 

A determines the operating point, namely a. For the 
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Fig. 4—Steady-state operating points for unloaded and loaded 
self-excited and separately-excited machines. 


particular constant-resistance load for which the line odb 
represents the saturation characteristic, the operating point 
is likewise the intersection with OA, namely 6. If some 
resistance is inserted in the field circuit so that its resist- 
ance line is changed to OB, then the operating point is c for 
the no-load condition and d for the constant-resistance load 
condition. In this manner of changing the exciter field 
resistance, any exciter voltage within limits can be ob- 
tained. 

Should the field resistance be increased so that the resist- 
ance line coincides with the air-gap line, the output voltage 
theoretically can establish itself at any value between zero 
and the point where the no-load saturation curve begins to 
bend away from the air-gap line. Operation in this region 
is unstable unless some artificial means of stabilizing is 
provided. 

On the other hand, if the machine were separately- 
excited by a pilot exciter, the field current is determined 
by the intersection of the resistance line with the pilot- 
exciter voltage line. Thus in Fig. 4, for the resistance line 
OA and the constant pilot-exciter voltage e,, the field cur- 
rent of the exciter is determined by the intersection at f, 
and the terminal voltages for no-load and constant-resist- 
ance load are at points g and A, respectively. 


3. Calculation of Response of Conventional Main 
Exciters 


It will be observed that the definition of exciter response 
is based upon the no-load voltage build-up curve. This 
may differ in several essential points from the load condi- 
tion which will be discussed later. For the present, the 
response will be calculated for the no-load condition and 
will be applied to a self-excited machine. 
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If 


e, = terminal voltage of the exciter and also the voltage 
across its field circuit 

t¢= field current per circuit in amperes 

ry= total resistance of each field circuit in ohms 

y= flux linkages per circuit of the field winding in 
10-8 lines-turns 


then there exists for the field circuits the following equa- 
tion: 


mri (1) 


where each term is expressed in volts. This expression can 
be rewritten in the following form 


“ =x— Tilt (2) 

The flux linkages, y, can be regarded as made up of two 
components; first, those produced by the useful flux in the 
air gap and, second, those produced by the leakage fluxes. 
The first component is proportional to the no-load terminal 
voltage as this is the flux which produces that voltage. The 
designer can give the useful flux at any particular voltage 
or it can be obtained from the design constants of the 
machine. Multiplying this flux in 1078 lines by the turns, 
N, linked by the flux, which is equal to the number of 
turns per pole times the number of poles per circuit, gives 
the total linkages due to this component. These linkages 
may be designated as /'yex, where, to be specific with respect 
to the particular voltage concerned, we may write 


(Gee useful flux pee anaes of he 
Passi (3) 


per pole at rated voltage per circuit 


rated voltage 


The leakage component is more complex as not all of the 
leakage flux cuts all of the turns. If there were no satura- 
tion effects in the pole pieces and yoke, the leakage fluxes 
would be proportional to the field current. If, however, 
the leakage fluxes are specified at some definite current 
such as that required to produce rated voltage at no load, 
then the leakage at higher currents will be less than pro- 
portional to the current and at lower currents will be more 
than proportional to that at the specified point. Inasmuch 
as the leakage flux is only about 10 percent of the useful 
flux, considerable error is permissible in the leakage com- 
ponent without affecting the result significantly. The 
leakage flux may be said to contribute the flux linkages 
ky to the total. The coefficient *, can be defined by re- 
questing from the designer both the flux linkages per pole 
at rated voltage due to the useful flux and the total flux 
linkages per pole at rated voltage. The coefficient /1 is 
then 


Total y Y per pole due Number 
per pole at — to useful flux i of poles 
rated voltage at rated voltage/ \per circuit 


Se re 


te at rated voltage 
The total flux linkages per circuit are then 
W=hyesthite (5) 


These quantities are illustrated in Fig. 5. 
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Fig. 5—Forcing voltages and flux linkages concerned in cal- 
culating response. 


Equation (2) states that the time rate of rise of is pro- 
portional at any instant to a forcing voltage which is equal 
to the vertical distance between the terminal-voltage curve 
and the straight-line curve of resistance drop at any given 
field current. It shows that the flux within the machine 
will increase so long as (ex—rys) is positive, that is, until 
the point of intersection of the two curves, as shown in 
Fig. 5, is attained. Beyond this point (e.—rids) be- 
comes negative. If, for any reason, the flux within the 
machine extends beyond this point, it will decrease. 
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Fig. 6—Graphical determination of response of flux linkages 
y with time. 
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In other words, the intersection is a stable operating 


point. 
Equation (2) can be transformed to 
ian ; (6) 
Cx ~The 
from which 
t ¥ 
7 Cy Pele 
Yinitial 


By choosing particular values of 7; from Fig. 5, it is pos- 


: 1 dt 
sible to plot as a function of es or dp 


6. From Eq. (7) it can be seen that ¢ can be obtained as 
a function of Y by simply obtaining the area of the vertical 
strata of increments, starting from ¥ corresponding to the 
starting value of e,. After p is obtained, e, can be plotted 


shown in Fig. 
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Fig. 7_Example for calculation of response of exciter. 


167 kw, 125 volts, 1200 rpm, 6 poles 
Separately excited—e, = 125 volts 
Three circuits—two poles per circuit 
Ceiling voltage—165 volts. 
a at ceiling voltage =8.16 amperes per circuit 
Resistance per circuit = 15.3 ohms 
Two field windings =6.8 ohms 
External resistance per circuit =8.5 ohms 
Total external resistance =2.8 ohms 
¥ per pole at 125 volts due to useful flux =18 
Total ¥ per pole at 125 volts = 20.3 

18 x2 _ (20.3 —18)2 


k = = 
bu =~T58 0.288 ky 44 


=1.05 
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as a function of time by taking corresponding points from 
Fig. 5. The simplest method for obtaining the area is to 
divide the region into a large number of increments and 
then sum them progressively on a recording adding 
machine. 

If the machine is separately excited, the variable ter- 
minal voltage e, in the expression for the forcing voltage 
should be replaced by the voltage e, of the pilot exciter 
and the forcing voltage then becomes (e,—r1;), which is 
illustrated in Fig. 5. The difference in these forcing volt- 
ages shows why separately-excited exciters are usually 
faster in response. 

When systematized, it is found that this calculation is 
quite simple, as will be illustrated by an example. Let it be 
desired to determine the exciter response for the separately- 
excited machine whose characteristics are given in Fig. 7. 
In Table 1, columns (1) and (2), tabulate the terminal 
voltage and field currents from Fig. 7. Columns (3) and 
(4) are simply steps in the determination of the total W of 
column (5). Columns (6) and (7) are likewise steps in the 


determination of a of column (8). From this point a 
choice may be made of two procedures. If the graphical 
method is used, plot the value of from column (8) as 


ordinate against the value of w from column (5) as abscissa 


TIME t 


° 
iv 


0.4 


0.3 


0.2 


0.t 


¥ig. 8— Auxiliary curves for calculation of response for exam- 
ple given in Fig. 7. 
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TABLE 1 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
: \ : é 1 dt dl t 
Kuex k } _ ——__ = —. A Mean— At : 
i s . ie ¥ i vee @s—Trty dy ¥ ayy) in sec. 
0.288 x (1)/1.05 x (2)} (3) +(4) | 15.3x(2) | 125—(6) | ree. of (7) |] from (5) | from (8) (9) x (10) =(11) 
100 3.30 28.8 3.5 32.3 50.5 74.5 0.0134 nite clit Sedna i -<ebete 0 
110 3.70 31.7 3.9 35.6 56.6 68.4 0.0146 3.3 0.014 0.0462 0.0462 
120 4.14 34.5 4.3 38.8 63.4 61.6 0.0162 3.2 0.0154 0.0493 0.0955 
130 4.66 37.5 4.9 42.4 71.3 53.7 0.0186 3.6 0.0174 0.0626 0.1581 
140 5.34 40.3 5.6 45.9 81.7 43.3 0.0231 3.5 0.0208 0.0728 0.2309 
150 6.26 43.2 6.6 49.8 95.8 29.2 0.0342 3.9 0.0287 0.112 0.343 
135 6.80 44.6 71 51.7 104.0 21.0 0.0476 1.9 0.0409 0.078 0.421 
160 7.46 46.1 7.8 53.9 114.0 11.0 0.091 2.2 0.0693 0.152 0.573 


giving the curve shown in Fig. 8. Time can then be de- 
termined by integrating this curve. One method of doing 
this is by means of the table constituting the insert of this 
figure. This is found by dividing y into increments of 
unit width, except for the first element for which Ay is 
only 0.8. This is done to obtain convenient divisions. 
Increments of time Aé are enumerated in the first column. 
The second column represents time, the summation of the 
Atcolumn. On the other hand, the same integration can be 
accomplished in tabular form. Continuing in Table 1, 
column (9), the difference of successive values of ¥ from 
column (5), constitutes the base of increments of area of 


curve 5 in Fig. 8. Likewise, column (10), the mean of 


successive values of column (8), constitutes the mean of 
elementary areas. The product of these two values tabu- 
lated in column (11) is the increment of time. Column 
(12) is merely a progressive summation of (11) and gives 
actual time. By plotting column (1) against column (12), 
the response curve is obtained. 

For higher speeds of response, the eddy currents pro- 
duced in the solid yokes can retard the buildup of the flux. 
The extent to which this is effective is given by the curve 
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Fig. 9—Correction factor to be applied to calculated response 
to include effect of eddy currents, according to W. A. Lewis.! 


in Fig. 9 by W. A. Lewis'. This curve supplies a correction 
to be applied to calculated responses. 

Separately-excited exciters are usually, but not neces- 
sarily, faster in response than self-excited exciters. They 
do, however, have other advantages, such as being more 
stable at low voltages, voltages at which self-excited ex- 
citers may have a tendency to creep. Improvement in 
speed of response can be obtained by two general methods; 
(1) decreasing the time constant of the field circuit, and (2) 
increasing the pilot-exciter voltage in the case of separately- 


excited exciters or the ceiling voltage in the case of self- 
excited exciters. The former is usually accomplished by 
paralleling the field circuits placing at the same time re- 
sistors in series to limit the current. Thus, if the parallels 


are doubled, the number of poles and likewise y per circuit “ 


are halved. It is necessary to add more resistance to the 
external circuit so that the resistance per circuit remains 
the same. In Eq. (7) the only change is that y is one- 
half and, therefore, the terminal voltage rises twice as 
fast. 


4. Calculation of Response Under Loaded Con- 
ditions 

Most of the cases for which the exciter response is desired 
are concerned with sudden changes, such as short circuits, 
in the armature circuit of the synchronous machine. Asso- 
ciated with these changes one usually finds that the field 
current of the alternator has increased a considerable 
amount, perhaps in excess of the armature current rating 
of the exciter. Because of the high inductance of the field 
circuit of the synchronous machine, the armature current 
of the exciter can usually be regarded as remaining sub- 
stantially constant at this increased value during the period 
for which the response is desired. 

When current flows in the armature, the phenomenon of 
armature reaction must be taken into consideration except 
for those machines that have a compensating winding. The 
function of the compensating winding, which is wound into 


the pole face of the field winding, is to annul the effect of - 


the cross-magnetizing mmf of armature reaction. However, 
for machines without compensating windings, the mmf of 


armature reaction produces an mmf that varies linearly : 


from the center of the pole piece, one side being positive 


and the other side negative. This effect is shown in Fig. | 


10 (a) in which MN represents the maximum magnetizing 
mmf at one pole edge and PQ represents the maximum 


demagnetizing mmf at the other pole edge. Fig. 10 (b) . 
represents a section of the no-load saturation curve in } 
which O represents the generated voltage on the vertical , 


co-ordinate and the field mmf on the horizontal co-ordinate. 
If A and C€ are so laid off that OA and OC equal MN and 
PQ, respectively, from Fig. 10 (a), then because of the 


linearity of QN of Fig. 10 (a), the abscissa of Fig. 10 (b) : 
between CA represents the mmf distribution along the pole ; 


face. Further, since the generated voltages are propor- 
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Fig. 10—Effect of armature reaction in reducing total flux 
across gap. (a) Shows distribution of armature mmf; (b) Sec- 
tion of no-load saturation curve. 


tional to the air-gap fluxes, the section of no-load satura- 
tion curve shows the effect of the superposed armature 
mmf upon the density of air-gap flux across the pole. The 
higher mmf does not increase the flux on the right-hand 
side as much as the lower mmf decreases the flux on the 
left-hand side. As a result, the total flux and consequently 
the generated voltage are decreased from the value indicated 
by CA to that indicated by FG, which is obtained by 
integrating the area under the curve DOB and drawing FG 
so that the two triangular areas are equal. The extent to 
Which the average flux or voltage is decreased can be in- 
dicated by a “distortion curve,” such as shown by the 
dotted curve of Fig. 11. This effect is most pronounced in 
the region of the knee of the saturation curve as at both 
higher and lower field currents, there is a tendency to add 
On the one side of the pole just as much flux as is subtracted 
on the other. The terminal voltage is reduced still further 
by the armature resistance and brush drops, resulting in a 
load saturation curve for constant current, such as shown 
in Fig. 11. 

From this same curve it can be seen that for a given field 
resistance line, the forcing voltage (e, —r1i;) for a self-excited 
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Fig. 11—Load saturation curves for exciter assuming constant 
armature current. 


machine is very much smaller under load than under no 
load. In calculating the flux linkages in accordance with 
Eq. (5), the distortion curve should be used for e,. Except 
for these two changes, the load response can be calculated 
in the same manner as the no load response. 

For separately-excited exciters, the forcing voltage re- 
mains unaltered by the loading on the machine as it is 
independent of the terminal voltage. The armature resist- 
ance can be regarded as part of that of the main field wind- 
ing. There remains only the distortion effect to consider 
which amounts to only several percent. For machines with 
compensating windings, this effect is negligible. 


5. Effect of Differential Fields on Response 


Differential windings are provided to reduce the exciter 
voltage to residual magnitude or below. They consist of a 
small number of turns wound on each pole, so connected 
that the mmf produced thereby is opposite to that of the 
main windings. Fig. 12 (a) shows schematically such an 
arrangement. If the differential windings are not opened 
when the regulator contacts close to produce field forcing, 
the differential circuit reduces the response of the exciter. 
The extent to which this is effective may be calculated 
as follows: Let 


a=number of parallel paths in the main winding. 
b=number of parallel paths in the differential winding. 
c=number of turns per pole of the main winding. 
d=number of turns per pole of the differential winding. 
N =total number of poles of exciter. 
tm = Current per circuit of main winding. 
ta= current per circuit of differential winding. 
The resistors 2, and Rg in series with the combined main 
and differential windings, respectively, may be included in 
the calculation by increasing the actual resistances in each 
of the main and differential circuits by af,, and bRu, re- 
spectively. With these increases the resistances of each of 
the main and differential circuits will be designated by the 
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Fig. 12—Schematic diagram for main and differential 
windings. 


symbols 7m and ra, respectively. Referring to Fig. 12 (b) 
the following equations can be written 


= R(dtm+ bia) + rnin + (8) 


ex = Rim +bi4) +raiat Me 


(9) 
in which Y and Wa are the flux linkages in each of the 
two respective circuits. 

If all the field flux cuts all turns, then 


=Tox (flux per pole in 1078 lines) 


y w= tax (flux per pole in 10-8 lines) 


or 


yaa, (10) 

If it be assumed that the two windings be replaced by 
another winding having the same number of turns and 
circuit connections as the main windings, then the in- 
stantaneous mmf of this winding is the same as that of 
the combination if its current, 7, is 


1=Im——la 
c 
from which 
ae a ls 
tm = tt ‘(11) 
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If (10) and (11) are inserted in (8) and (9), then 
cx (Rat rn) (i+ Sia) + Rbia+ © 


(12) 
= Rati Sia) +( ar “ (13) 
By multiplying (13) by < oo can be eliminated by 


subtracting from (12). The current 74 can then be solved 
in terms of 2. Upon substituting the expression for 7, 
into (12) there is finally obtained that 


dr, a,b 
1—-% ™ ay9 
sacs ary i ee) 
A A = 
in which ay 
ad? 1 bee? 
ee ase 1 rat (AE—a) | (15) 


Equation 14shows that the ordinary flux-linkage curve 
for the exciter and conventional method of calculation can’ 
beused if the coefficient of 7 be used as the resistance of each 
circuit,? be the current read from the saturation curve, and 
the voltage across each circuit be multiplied by the co- 
efficient of ex. In other words, the calculations should be 
carried out as though the differential winding were not 
present, except that instead of using the expression 
(ex—T rs) to determine the forcing voltage, ex should be mul- 


tiplied by (1-2) |, and r; by [r+e(4+2)]/4 
C Tq Tn Ta 


6. Three-Field Main Exciter 


The three-field main exciter shown schematically in Fig. 
13 is of conventional construction so far as mechanical 
details and armature winding are concerned, but it is built 
with three electrically independent shunt fields. Field 1 
is connected in series with a variable resistance across the 
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Fig. 13—Schematic diagram of three-field main exciter. Field) 
1 is self-excited and provides base excitation, field 2 is 8 
separately-excited controlling field, and field 3 is a smal 

capacity battery-excited stabilizing field. 
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main terminals of the exciter and operates in the manner 
of the self-excited field discussed in Sec. 1. Field 1 provides 
the base excitation for the machine. Field 3 is a small 
separately-excited shunt field that obtains its energy from 
4 station battery or any other source of substantially 
constant d-c voltage. It is capable of supplying 5 to 10 
percent of the normal total excitation requirements of the 
main exciter, and its purpose is to provide exciter stability 
at low voltage output under hand control. Field 3 is used 
only when the exciter speed of response or range of voltage 
output makes it desirable. Field 2 is a shunt field that is 
excited from a reversible variable-voltage d-c source under 
control of a voltage regulator. This field also provides for 
stability of the exciter when the voltage regulation is under 
control of the voltage regulator. 

Fields 1 and 3 have rheostats in their energizing cir- 
cuits. These are usually motor-operated under manual 
control. The rheostat arms are mechanically connected 
together so that resistance is added in one field circuit as 
it is removed from the other. Thus, when the self-energized 
shunt field is carrying a high excitation current, the sepa- 
rately-excited field 3 carries a negligible current. The 
combined effect of fields 1 and 3 is shown in Fig. 14 and 
can be explained by assuming that the current in field 2 is 
zero. When the field rheostat is adjusted to give a voltage 
output greater than that represented by the distance Oc, 
all excitation 1s supplied by field 1, and the relation between 
the exciter terminal voltage and the total field ampere- 
turns is represented by the line ab. Operation in this region 
is the same as a self-excited exciter. If the resistance in the 
circuit of field 1 were increased to give a value of ampere- 
turns less than Od in Fig. 14, and if field 1 were the only 
field excited, the machine would be unstable as pointed 
out in See. 1. 

To obtain a terminal voltage less than Oc, such as Of, 
the resistance in the self-excited field circuit, would be in- 
creased to reduce the ampere-turns produced by that field 
to Oj. These ampere-turns would cause a generated volt- 
age equal to Oh. However, at the same time the current 
in field 1 is reduced, the current in field 3 is increased, 
und the generated voltage due to field 3 being energized 
is represented by hf. The ampere-turns of the two fields 
und the generated voltages add so that the distance Of is 
the total terminal voltage. Since the current in field 3 is 
controlled by the amount of current in field 1 through the 
mechanical coupling of the field-rheostat arms, the total 
{erminal voltage can be plotted as a function of the ampere- 
turns in field 1 alone and is represented by the curve ekab 
in Fig. 14. If the field-resistance characteristic of the self- 
excited field is plotted on the same curve, there will always 
be a positive point of intersection between the resistance 
line and the saturation curve ekab and stable operation can 
be obtained for any voltage greater than Oe. The voltage 
represented by Oe is usually less than 10 percent of the 
rated voltage of the exciter. Operation at smaller values 
Would not ordinarily be necessary except in the case of a 
synchronous-condenser exciter. Smaller terminal voltages 
are obtained by holding the current in the self-excited field 
to zero and reducing the current in separately-excited field 
3. Exciter polarity can be reversed by reversing both 
field circuits when the currents are zero and building up 
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Fig. 14—Equivalent no-load saturation curve of three-field 
main exciter showing effect of stabilizing field 3. Field 2 is 
open-circuited. 


in the opposite direction. Thus, manual control of voltage 
is possible over the complete range necessary. 

When the voltage of the main exciter is under the control 
of a voltage regulator that varies the magnitude and polar- 
ity of voltage applied to the separately-excited field 2, 
the manually-operated field rheostat in field 1 circuit is set 
to provide some base amount of excitation. This setting 
is determined by the operator, but is generally high enough 
to supply sufficient field current to the a-c generator field 
to maintain steady-state stability. The current in field 3 
is usually negligible with such asetting of the rheostat when 
the generator is carrying any load. The polarity and magni- 
tude of the voltage applied to field 2 are then regulated so 
that the flux produced by field 2 either aids or opposes the 
flux produced by the base excitation in field 1, thus, either 
increasing or decreasing the exciter terminal voltage. Since 
the effect of field 1 is that of a conventional self-excited 
machine, a small amount of energy input to field 2 can 
control the output voltage over a wide range. The opera- 
tion of the three-field main exciter is made stable by sepa- 
rate means for the two conditions of operation: by a 
separately-excited stabilizing field under manual control, 
and by the voltage regulator controlling the input to field 
2 under regulator control. 

The three-field main exciter has an advantage over the 
single-field separately-excited main exciter described in 
Sec. 1 in that control of the exciter terminal voltage is 
not completely lost if any trouble should occur in the 
separately-excited field circuit. The trouble might involve 
the variable-voltage source for field 2 or the voltage regu- 
lator that controls it, but even though the current in the 
field should become zero, the exciter will continue operating 
at a terminal voltage determined by the setting of the 
rheostat in the self-energized field circuit. The only effect 
on the a-c generator would be a change in its internal 
voltage which would cause a change in reactive loading of 
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the machine. Under similar circumstances of failure with 
the single-field exciter, the source of excitation for the a-c 
gencrator field would be lost and a shut-down of the unit 
would be necessary. 


7. Calculation of Response of Three-Field Main 
Exciter 


A method of calculating the response of a single-field 
exciter 18 given in Sec. 2. The method uses step-by-step 
integration to take into account the saturated condition 
of the exciter. If additional fields are present, damping 
currents flow in those fields during voltage changes. Their 
effect is to reduce the rate of change of flux in the exciter 
iron paths. The following analysis presents a means of 
replacing the assembly of several fields with one equivalent 
field so that the response can be calculated. 

The specific fields involved in the three-field main exciter 
are the self-excited field 1, the battery-excited field 3, and 
the separately-excited field 2 as shown in Fig. 13. The 
three fields are wound to form a single element to be 
mounted on the field pole, so that the mutual coupling is 
high and can be assumed to be 100 percent with small 
error. Also, the same leakage coefficient can be applied to 
each of the fields. In the following symbols the subscript 
indicates the particular field to which the symbol applies. 
Thus, N; is the turns per pole of field 1, Nz the turns per 
pole of field 2, ete. 


P=Number of poles, assumed to be connected in series. 
N=Number of turns per pole in the field winding. 
¢’ = Total useful flux per pole in Maxwells times 108. 
o = Initial useful flux per pole in Maxwells times 108. 
@=Change in flux per pole =’ — do. 
2’ =Total amperes in field circuit. 
19= Initial amperes in field circuit. 
7= Change in amperes in field winding =2’ —%. 
L=Inductance of field winding in Henrys. 
&K=Flux proportionality constant 
_ Maxwells Xx 108 per pole 
Ampere turns per pole 
leakage flux 
useful flux 
c= Voltage proportionality constant 
a) terminal volts 
Maxwells X 108 per pole 
R= Resistance of the complete field circuit, ohms. 
t=Time constant of complete field circuit, seconds. 
E,’=Terminal voltage applied to field 1. 
Eo = Initial value of terminal voltage. 
E,=Change in terminal voltage= E,' — Ey. 
E, = Voltage applied to field 2. 
E49 = Initial value of voltage applied to field 2. 
E,= Change in voltage applied to field 2. 
E;' = Fixed voltage applied to field 3. 


\= Flux leakage factor =1+ 


p= Differential operator <. 


The initial or steady-state value of total useful flux per 
pole is 


go= K(Nitio+Notoo+ Nats). (16) 


When the field currents are changed to force an increase in 
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terminal voltage, the total useful flux at any later instant 
of time is 


g’ = K(Nyty’ + Note’ + N3i3'). (17) 


The change in total flux per pole is the difference between 
these two values, 


b= —do= K(Niyt Noto + N33). (18) 


The basic formula for the self-inductance of any of the 
field circuits is 


L= 


—8 
TNO gare 
a 


and since the flux is expressed as Maxwells per pole times 
108, the self-inductance of the circuit of field 1 becomes 


_PoNir 


U 


Ly =PKN(,X. (19) 
The time constant of the field circuit is the total self- 
inductance divided by the total resistance, 


20) 
RB Ry (20) 
Equations similar to Eq. (19) can be written for self-in- 
ductances ZL, and ZL; and similar to Eq. (20) for time con- 
stants é& and fs. 

The voltage applied to each of the field circuits is 


absorbed in Fz drop in the circuit resistance and ne drop 


in the circuit inductance. The voltage equations at any 
instant of time are 


E.{ =cd’ = Ryty'+ NAP pd’ (21) 
EF! = Rota’ +NdA\P pd’ (22) 
Es = Rgt3’ + N3\P pd’. (23) 


During the initial steady-state conditions, when the total 
useful flux is constant and p@yo=0, 


Ey =cho= RitiotN AvP pdo (24) 
Ey = Reteo + N»2AP pdo (25) 
Ex = Rstz3o+ N3\P pdo. (26) 


Subtracting the two sets of voltage equations, a set in 
terms of changes from steady-state conditions is obtained. 
Since the voltage Z;' is supplied from a constant-potential 
source, E3’ — Ey) =0. 


FE, —_ Rota + No2d\P pd (28) 
If Eqs. (27), (28), and (29) are multiplied by Ae “ : 
1 2 


Ns respectively, and added, the result obtained after 
3 


substituting from Eqs. (18) and (20) is 


and K 


tt le 
a —"_Bo=b+(t;tb+ : 30 
Pya?t PNK” b+(ithtts) pd (30) 
Rearranging the terms in Eq. (30); 
b ct; 
we gi a5 re ; 1 
ye (1 Fx) tite io |p (31) 
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When solved, Eq. (31) expresses and hence the terminal 
voltage as a function of time if saturation and the con- 
sequent change in constants are neglected. 

The three fields on the exciter can be assumed to be 
replaced with a single equivalent self-excited field as shown 
in Fig. 15. The quantities referring to the equivalent 
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Fig. 15—Self-excited single-field equivalent of three-field main 
exciter. 


field are designated by the subscript e. The field has 
applied to it a voltage equal to the terminal voltage cd’ 
plus an equivalent voltage E,’ supplied by the regulator. 
During steady-state conditions, 


Eo+coo= Retot NAP pdo. (32) 
At any instant of time, 
E! +c’ a Rete’ +N-AP pd’. (33) 
Subtracting Eq. (32) from (33) 
E.+cb=ReletNeadvAP pd. (34) 
Using the relations 
b=KNote (85) 
b= ONA_ pK (36) 
PKN2d 
=————. 37 
B. (37) 
Iiq. (34) reduces to 
le = __ Cle 
pee] (1 Bay +t fe (38) 


Equation (38) is of the same form as Eq. (31), and by 
comparing similar terms, it is derived that 


L=htht+ts (39) 
vies’. (40) 
hy 


The self-inductance of the equivalent field is given by 
Eq. (36), and the resistance is 
L. 


R.=—. 
te 


(41) 
The applied regulator voltage is 
bNe 


E.= 
tolV2 


2. 
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Eliminating ae by using Eq. (40) 
toNy; 
E.=—~E). 
Ns 2 (42) 


Equations (38) and (31) can be solved only if saturation 
is neglected. However, for a small interval of time, it can 
be assumed that the machine constants do not change, and 
the change in flux calculated by either equation will be the 
same. If at the end of the first time interval, the machine 
constants are appropriately adjusted to new values 
applicable to the next small interval of time, the flux 
change can be calculated for the second interval and will 
be the same by either equation. Thus, the flux rise cal- 
culated from the equation for the single equivalent field 
by using the normal step-by-step methods that take into 
account saturation will be the same as the actual flux rise 
with the assembly of several fields. The various time 
constants for the machine in the unsaturated condition 
may be used to determine the constants of the equivalent 
field. 

The above equations can be generalized to the case of a 
machine having any number of the three types of fields 
considered. Letting ¢,, #, and N, refer to all coils to which 
regulator voltages are applied, and ¢, and N, refer to all 
coils which are self excited, Eq. (31) in the general form 
becomes 


t,E, 


=| (1— _fs Vis 
PNA Ie : Dax) te fo 


where 2t=sum of time constants of coils of all types. The 
sum of the time constants should also include a value for 
the frame slab, which acts as a short-circuited turn, and 
eddy currents in the slab cause a delay in the flux rise. 
For d-c machines of the size used as main exciters, the 
frame-slab time constant may approach 0.2 second. 

The constants of the equivalent self-excited field are 
determined from the following: 


(43) 


i=2t (44) 
t 
N.=—— : 
ty (40) 
N, 
L, is determined by Eq. (36) 
Rao (46) 
and the regulator voltage to be applied 
_N. be 
B= Nee (47) 


If no self-excited fields are present in the machine, the only 
requirements to be satisfied are given by Eqs. (44) and 
(47). Any value of N, can be used provided the appro- 
priate value of R, is calculated from Eqs. (86) and (46). 
When no self-excited fields are present, the equivalent 
field is not self-excited and has applied to it only the 
regulator voltage. 

If no regulator-controlled fields are present, the require- 
ments to be met are given by Eqs. (44), (45), (46), and 
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(47), and the equivalent field is a self-excited field with no 
regulator voltage applied. 

Using this equivalent single-field representation of the 
multiple-field main exciter, the voltage response can be 
calculated by the step-by-step method of Sec. 2. The volt- 
age EF’ is determined by the source of voltage under regu- 
lator control. For example, if the regulated field is a self- 
excited field, the voltage E becomes equal to the exciter 
terminal voltage at each instant of time. 


8. Main-Exciter Rototrol 


The most recent development in the field of rotating 
main exciters is the adaptation of the Rototrol rotating 
amplifier as a main exciter. Any generator is in fact a 
“rotating amplifier” in that a small amount of energy input 
to the field is amplified to a large energy output at the 
generator terminals. However, the name rotating amplifier 
has been specifically applied to a form of rotating machine 
possessing an unusually large amplification factor. In such 
machines, the change in input energy to the field is a small 
fraction of the resulting change in energy output of the 
armature. In the ordinary d-c generator, the change in 
field energy required to produce 100-percent change in 
output energy is usually within the range of 1 percent to 
3 percent of the machine rating. Thus, the amplification 
factor might be between 30 and 100. In the case of the 
Rototrol, the amplification factor can exceed 10° depending 
upon the design of the machine. 

The main-exciter Rototrol is not adaptable at present to 
use with generators operating at less than 1200 rpm. The 
principal field of application is with 3600-rpm turbine gen- 
erators. The two-stage main-exciter Rototrol can be built 
with sufficient capacity to supply the excitation require- 
ments of the largest 3600-rpm generator, but when used 
with 1800- or 1200-rpm generators, the maximum rating 
of generator is restricted. In any event, the Rototrol is 
direct-connected to the generator shaft. 

The slower the speed of a generator, the larger the physi- 
cal size. For a given voltage output, the reduction in speed 
is compensated by an increase in the total flux, requiring a 
larger volume of iron to maintain the same flux density. 
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Fig. 16—A 210-kw, 250-volt, 4-pole main-exciter Rototrol for 
direct-connection to generator shaft at 3600 rpm. 
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The excitation requirements, therefore, are greater for 
slow-speed generators. The main-exciter Rototrol has not 
been built in capacities large enough to supply the excita- 
tion requirements of large slow-speed a-c generators. Fur- 
thermore, as the Rototrol rated speed is decreased, its 
excitation requirements also increase and a larger control- 
ling energy is required. The combination of these factors 
has largely restricted the use of the main-exciter Rototrol 
to direct-connection with 3600-rpm turbine generators. 

A 210-kw, 250-volt, 3600-rpm main-exciter Rototrol is 
illustrated in Fig. 16, and to all outward appearances it is 
a conventional type of d-c machine. The mechanical de- 
tails such as the enclosure, brush holders, commutator, 
etc., are of conventional 3600-rpm exciter construction, 
but the electrical connections are quite different. The 
armature winding is of the lap form but has no cross 
connections, and there are a number of specially-connected 


- field windings to provide the high amplification factor. 


A detailed discussion of the theory of operation of the 
Rototrol is beyond the scope of this chapter, and can be 
found in the References. The discussion here will be con- 
fined to a description of the operating principle as it applies 
to use of the Rototrol in excitation systems. 

A schematic diagram of the main-exciter Rototrol is 
shown in Fig. 17 (a), and the equivalent schematic diagram 
is shown in Fig. 17 (b). The Rototrol can be built with one 
or more stages of amplification, and the main exciter Roto- 
trol is of the two-stage type. The field connected between 
terminals F3-F4 is called the control field, and windings 
appear on only the two south poles, 1 and 3. The circuit 
between terminals F5-F6 energizes a field similar to the 
control field, and it also appears on only the two south 
poles. This field operates in the same manner as the con- 
trol field in controlling the Rototrol terminal voltage but 
it is called the limits field. The control field is energized 
by the voltage regulator and normally has control of the 
voltage output. However, the limits field is energized by 
devices that restrict the maximum or minimum voltage 
output, so that the limits field can, under certain condi- 
tions, overcome the effect of the control field. The output 
terminals are L1-L2, and it should be noted that the circuit 
between the brushes of like polarity energizes additional 
field windings that are compensating and forcing fields and 
also serve as series fields. The windings energized by the 
circuit between terminals F1-F2 are shunt-field windings 
used for tuning purposes as discussed later. As far as ex- 
ternal circuits are concerned, the main-exciter Rototrol can 
be represented as shown in Fig. 17 (c): the control field is 
energized by some exciter-voltage controlling device, the 
limits field is energized by a device for limiting the max- 
imum or minimum output or both, and the line terminals 
supply voltage to the load in series with the series field. 

The operation of a conventional self-excited d-c gener- 
ator is unstable when the field-resistance line coincides with 
the air-gap line of the saturation curve as shown in See. 1. 
Although this characteristic is undesirable in the self- 
excited generator, it is an important part of the Rototrol 
principle. Reasoning identical to that in Sec. 1 can be 
applied to a series-excited generator where the self-excited 
winding is in series with the load and both the load and 
the field can be considered as a shunt across the armature. 
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Fig. 17—Two-stage main-exciter Rototrol, complete schematic diagram and equivalent representations. 


The series-field current then is directly proportional to the 
armature voltage in the same way as the shunt-field current 
in the self-excited shunt-wound machine. 

The Rototrol is operated on the straight portion of its 
saturation curve and the adjustments necessary to meet 
this condition are termed tuning of the Rototrol. This is 
usually done by adjusting the resistance of the load or an 
adjustable resistance in series with the load, but can also 
be done by varying the air gap between the field poles and 
the rotor surface, which shifts the position of the air-gap 
line. Thus, the series-field circuit is tuned so that the 
resistance line of the circuit coincides with the air-gap line. 
Exact coincidence of the resistance line with the air-gap 
line cannot always be obtained by these two means so a 
small-capacity shunt field is provided to serve as a vernier 
adjustment. The resistance of the shunt-field circuit is 
adjusted to change the position of the terminal voltage- 
Series-field current relation to tune the machine perfectly. 


It is particularly significant that under steady-state 
conditions, the self-excited field of the Rototrol furnishes 
all of the ampere-turns required to generate the terminal 
voltage. However, the control field forces the change in 
ampere-turns required to stabilize the machine or to change 
and establish the terminal voltage required for a new load 
condition. The ampere-turns of the self-excited field and 
those of the control and limits fields are superimposed, and 
the algebraic sum of the ampere-turns on all of the Roto- 
trol fields determines the terminal voltage. 


9. Operating Principle of the Main-Exciter Roto- 
trol 


The fundamental principle by which a small amount of 
energy in the control field forces a large change in Rototrol 
output is that of unbalancing the ampere-turns on two 
poles of like polarity; in this case, two south poles. A 
current in a given direction in the control field will weaken 
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one south pole and strengthen the other, and by virtue of 
the form of the armature winding, causes a difference in 
polarity between two brushes of like polarity. Current- 
direction arrows and corresponding flux-direction arrows 
are shown in Fig. 17 (a), and the operation can be under- 
stood best: by describing the sequence of events for a given 
operating condition, 

A current is shown flowing in the control field in Fig. 
18 (b). The current is in a direction to cause an increase in 
the terminal voltage of the Rototrol and produces fluxes as 
shown by the flux arrows to strengthen south pole 1 and 
weaken south pole 3. Reversing the polarity of the voltage 
applied to the control field would reverse the effect and 
cause a decrease in terminal voltage. The resulting un- 
balance of the south-pole fluxes causes a phenomenon that 
is suppressed in the usual d-c generator; and that is the 
unbalance of voltage generated in the armature when the 
magnetic flux densities in the field poles are unequal. The 
effect of the unbalanced south poles on the armature wind- 
ing can be analyzed by assuming the unbalanced fluxes are 
the only ones present in the machine. 

The winding-development diagram of Fig. 18 (a) isdrawn 
for the control-field flux in the direction shown in Fig. 18 (b). 
So far as the control-field flux is concerned, pole 1 is a south 
pole and pole 3 is a north pole; thus, the flux direction 
under pole 1 is out of the paper and under pole 3 is into 
the paper in Fig. 18 (a). For clockwise armature rotation, 
the conductor moves under poles 1, 2,3, and 4 in that order, 
so the current directions in the armature conductors are as 
shown. The result is that the positive brush under pole 1 
is raised to a higher potential than the positive brush under 
pole 3. The relative polarities of the two positive brushes 
are, therefore, as indicated by the encircled polarity marks. 
Further analysis shows that the positive brush of higher 
potential is always under the south control-field pole for 
the conditions of Fig. 18. 

The potential difference between the two positive brushes 
is used to energize another special field called the forcing 
field, as shown in Fig. 18 (ec). For control-field current in 
the direction shown, the fluxes produced by the forcing- 
field windings are in a direction to increase the flux densi- 
ties in all four poles as shown by the open-headed flux 
arrows, Which is in the direction to increase the terminal 
voltage of the machine. With the opposite control-field 
polarity, the forcing-field mmf’s decrease the flux densities. 

The forcing-field current also flows through the armature 
winding as shown in Fig. 18 (a). The two conductors in a 
common slot under poles 2 and 4 carry currents in opposing 
directions. The conductors under poles 1 and 3, however, 
carry currents in a common direction. Thus, an armature 
reaction is developed which is in the direction to weaken 
north pole 2 and strengthen north pole 4. The effect. is 
similar to that caused by current flow in the control field, 
except that the unbalance in generated voltage appears 
between the two negative brushes with polarities as shown 
by the encircled marks in Fig. 18 (d). The resulting current 
flow between the two negative brushes would cause an 
‘irmature reaction in opposition to the control field, greatly 
reducing its effectiveness if compensation were not pro- 
vided in some way. The compensating windings in series 
With the forcing fields in Fig. 18 (d) oppose the armature 
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reaction caused by current between the positive brushes, 
holding to a minimum the voltage difference between the 
negative brushes and minimizing the armature reaction 
that would oppose the control field. 

A group of compensating fields are also connected in 
series in the circuit between the negative brushes, and 
serve a purpose similar to that of the compensating fields 
between the positive brushes. These are shown in Fig. 18 (e). 

All of these currents and fluxes are summarized in Fig. 
17 (a), which shows all of the field windings and the current 
and flux arrows for the assumed condition. Tracing the 
circuit of the load current reveals that the load current 
must flow through the forcing and compensating fields. 
The coils are wound on the field poles in such a direction 
that the load current cancels so far as any magnetizing 
effect is concerned, while the magnetizing effects of the 
unbalance currents add. This is verified in the circuits of 
Figs. 18 (c), (d), and (e). 

In addition to the field windings described above, a set 
of commutating-pole windings are included in the Rototrol. 
These windings produce the proper mmf in the commutat- 
ing poles to assist commutation of the current in the 
armature. 

The overall effect of current in the control field is shown 
in Fig. 17 (b), the equivalent circuit of the two-stage main- 
exciter Rototrol. The Rototrol is represented as three 
separate generators; two of them are two-pole machines 
and the third is a four-pole machine. The difference in 
potential between the two positive brushes caused by cur- 
rent in the control field is represented as a two-pole gen- 
erator excited by the control field and is the first stage of 
amplification in the Rototrol. The output of this machine 
is fed into the field of the four-pole generator which is the 
second stage of amplification. The four-pole field windings 
are the forcing fields of the Rototrol. Current flowing in 
the first-stage machine sets up an armature reaction rep- 
resented by a two-pole armature-reaction generator. The 
armature reaction is represented by a field exciting this 
generator and the compensation for armature reaction be- 
tween the positive brushes is another field on this same 
machine. The mmf’s produced in the armature-reaction 
and compensating fields are in opposition. 

The armature reaction establishes a potential difference 
between the negative brushes as shown, and the current 
flowing between these brushes energizes additional com- 
pensating windings on all four poles. Two of these wind- 
ings appear as compensating windings on the armature- 
reaction generator since they further compensate for the 
armature reaction produced by the current between the 
positive brushes. The remaining two compensating wind- 
ings compensate for the armature reaction caused by the 
current flowing between the negative brushes, this arma- 
ture reaction being in opposition to the control field exciting 
the first stage. 


10. Series-Field Effect in Main-Exciter Rototrol 


The definition of main-exciter response ratio given in 
Part I does not apply to main exciters having series fields. 
Thus, the response ratio of the main-exciter Rototrol can- 
not be stated in the conventional manner. As stated in 
Sec. 7, the series field of the Rototrol supplies all of the 
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ampere-turns necessary to generate the terminal voltage 
under steady-state conditions. The response-ratio defini- 
tion also states that the test for voltage response should be 
made under conditions of no load on the exciter, which 
would seriously hamper the rate of voltage build-up in the 
Rototrol, because there would be no mmf produced by the 


series field. 


As shown in Chap. 6, Part II, a short circuit at the 
terminals of an a-c generator induces a large direct current 


A-G SUPPLY 


jiz=<—= 


AUXILIARY 
TRANSFORMER 


H3 


H2 


| 

| 

| 

| 

| RECTIFIER 
| TRANSFORMER 
| 

| 

| 

| 

s) 


RI R4 Re RS 


toe. 


mes eee ( (----( ANODE 

: BKRS 
GROUNDING peal 
jy SWITCH TUBES 


NEGATIVE a. 


TERMINAL TERMINAL 


Excitation Systems 


Chapter 7 


in the generator field winding. The induced current is in 
the same direction as the current already flowing in the 
field circuit and serves to maintain constant flux linkages 
with the field winding. This occurs when the generator 
voltage is low, and if the induced current were sustained 
at its initial value, the internal voltage of the generator 
would be at a high value when the fault is removed. The 
function of a quick-response excitation system is to in- 
crease the exciter voltage as rapidly as possible under such 
conditions, in order to keep the field current at as high a 
value as possible. The same effect takes place, although 
to a smaller extent, when a load is suddenly applied to the 
generator terminals. Removal of a fault or sudden reduc- 
tion of the load causes an induced current in the opposite 
direction due to removal of the armature demagnetizing 
effect. Thus, a current of appropriate magnitude is induced 
in the field winding of an a-c generator when there is any 
change in the terminal conditions, but this current cannot 
be sustained by conventional main exciters because their 
voltage cannot ordinarily be increased fast enough. 

The main-exciter Rototrol benefits directly from this 
induced current through its series-field winding and im- 
mediately increases the mmf produced by that winding. 
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from the a-c generator terminals through a rectifier trans- 
former. 


from a six-phase alternator direct-connected to the main 
generator shaft. 
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Fig. 21-Two methods of supplying excitation for the six- 
phase alternator. 


(a) Self-excitation using a thyratron rectifier supplied from six- 
phase alternator terminals through a rectifier transformer. A 
voltage regulator is used to hold the alternator field voltage 
approximately constant. The battery is used to flash the 
alternator field to start operation. 
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The Rototrol terminal voltage is raised to a value that can 
sustain the induced current. If the induced current. is 
caused by a short circuit, it gradually decays in magnitude, 
and the Rototrol voltage follows the decay in current. The 
result is that the Rototrol terminal voltage follows a mag- 
nitude dependent largely upon the induced current in the 
generator field winding, and it cannot be duplicated in a 
voltage-response test with the exciter unloaded. 

The series-field effect in the Rototrol is a desirable phe- 
nomenon in improving the response of the excitation sys- 
tem and in aiding to maintain system stability. It enables 
the main exciter to anticipate the change in a-c generator 
excitation voltage required. As the series-field mmf is fol- 
lowing the induced current, the voltage regulator delivers 
energy to the control field to increase further the Rototrol 
terminal voltage. There issome time delay before the control- 
field current is effective in changing the terminal voltage, 
whereas the series-field effect is substantially instantaneous. 


11. Electronic Main Exciters 


Power rectifiers of the ignitron type have been used for 
many years in industrial applications and have given reli- 
able and efficient performance. Their use as main exciters 
for a-c synchronous machines has been limited, principally 
because they cost more than a conventional main exciter. 
The electronic main exciter, however, offers advantages 
over rotating types. 

An electronic exciter consists essentially of a power recti- 
fier fed from an a-c source of power and provided with the 
necessary control, protective, and regulating equipment. 
The coordination of these component parts presents prob- 
lems that must be solved in meeting the excitation require- 
ments of a large a-c generator. 

The output of a rectifier is only as reliable as the source 
of a-c input power. Thus, this a-c source might be con- 
sidered a part of the rectifier, and so far as service as an 
excitation source js concerned, it must be reliable. Three 
sources have been used in operating installations: 

1. A-c power for the rectifier taken directly from the term- 
inals of the a-c generator being excited. 

2. A-c power taken from a separate a-c supply that is essen- 
tially independent of the a-c generator terminals. 

3. A-c power taken from a separate generator which supplies 
power to the rectifier only, and which has as its prime mover the 
same turbine that drives the main a-c generator. 


In the first of these, the electronic main exciter is self- 
excited, since its power supply is taken from its own out- 
put, and in the second and third forms, it is separately- 
excited. 

When power for the rectifier is supplied by a high-voltage 
source such as the generator terminals, a rectifier trans- 
former must be used to reduce the voltage to the proper 
magnitude for the rectifier. The transformer is connected 
delta on the high-voltage side and six-phase star on the 
secondary side. No transformer is required when the six- 
phase shaft-driven generator is used as a power source, 
since the generator can be designed for the proper voltage. 

A simplified circuit diagram of an electronic exciter and 


(b) Separate-excitation using a three-phase permanent-magnet 
generator and dry-type rectifiers. 
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rectifier transformer is shown in Fig. 19. The delta primary 
of the transformer can be energized from the terminals of 
the main a-c generator, from the plant auxiliary power 
supply, or from some other independent source. The recti- 
fier comprises three groups of two ignitron tubes each, the 
two tubes of each group being connected to diametrically 
opposite phases of the six-phase transformer secondary 
through a two-pole, high-speed anode circuit breaker. Thus 
if a breaker is opened, both tubes of a group are deener- 
gized. Each pole of the anode breaker is equipped with a 
reverse-current trip attachment and the breaker is auto- 
matically reclosed. If an ignitron are-back should occur, 
the breaker is automatically opened at high-speed and 
reclosed when the arc-back has been cleared. Should a 
second arc-back occur within a short time, the anode 
breaker again opens and locks in the open position to 
permit inspection of the unit. 

The simplified circuit diagram of the electronic exciter 
Fig. 22—Installation photograph of electronic main exciter. supplied from a six-phase alternator is shown in Fig. 20. 
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So far as the main-exciter rectifier is concerned, the details 
of the circuit are the same as Fig. 19. A complication is 
introduced, however, since it is necessary to provide for 
excitation of the six-phase alternator. Two methods of 
accomplishing this are shown in Fig. 21. In the method 
of Fig. 21(a), the excitation is provided through a six-phase 
thyratron rectifier, which receives its power input from the 
same source used to supply the main-exciter rectifier. A 
permanent-magnet a-c generator is used as the power sup- 
ply in Fig. 21(b). It consists of high-quality permanent 
magnets mounted on the same shaft with the main a-c 
generator to serve as the rotor and a conventional three- 
phase armature winding on the stator. The output of the 
permanent-magnet generator is rectified by a three-phase 
bridge-type selenium rectifier and fed directly into the field 
of the six-phase alternator. While the shaft-driven gener- 
ator in Fig. 20 is shown with six phases, it can be a standard 
three-phase unit in which case a rectifier transformer would 
be required to convert the ignitron rectifier input to 
six-phase. 

Each group of two ignitron tubes with its anode breaker, 
cathode-disconnecting switch, firing tubes and associated 
control circuit 1s located in one of three individual com- 
partments of the main rectifier cubicle as shown in Fig. 22. 

Ignitron Firing Circuit and D-C Voltage Control 
—The firing circuit for each ignitron tube is of the anode- 
firing type as shown in Fig. 23. A thyratron tube is con- 
nected in parallel with the ignitron through its igniter. 
The thyratron is made conductive when its anode voltage 
is positive with respect to its cathode and its grid is re- 
leased. Current then passes through the ignitron igniter 
which initiates a cathode spot and fires the ignitron. If the 
ignitron should fail to conduct for any reason, the thyra- 
tron attempts to carry the load current but is removed 
from the circuit by the thyratron anode breaker. 

The magnitude of the output voltage of the electronic 
exciter is varied by controlling the point on its anode volt- 
age wave at which the ignitron tube is made conductive. 
This point is determined by releasing the control grid of 
the firing thyratron, which is controlled by a sine-wave 
grid transformer, a Rectox supplying a fixed positive bias, 
a Rectox supplying variable negative bias for manual con- 
trol, and an electronic regulator supplying variable negative 
bias for automatic control. The circuits of these devices 
are shown in Fig. 23. 

The grid circuit of the thyratron firing tube can be 
traced from the cathode of the thyratron through the 
ignitron to rheostats RPB and RNB and through the grid 
transformer to the control grid of the thyratron. The volt- 
age E, appearing across rheostat RPB is a positive grid 
bias, while the voltage E» appearing across RNB is a nega- 
tive grid bias. The sine-wave voltage Egac impressed on 
the grid of the thyratron is delayed almost 90 degrees from 
the anode voltage and is connected in series with the 
positive and negative biases. These voltages are shown 
In Fig, 24. 

Rheostats RPB and RNB are initially adjusted to give 
the desired values of positive and negative grid-bias volt- 
ages. Manual control of the exciter voltage is obtained by 
changing the setting of rheostat MVR which varies the 
Negative bias. The bias voltages E,, HE. and Egac add to 
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give a total grid-bias voltage represented by Eg and vary- 
ing the negative bias determines the point at which the 
total grid voltage becomes more positive than the critical 
grid voltage Hac of the firing tube releasing the tube for 
conduction. The ignitron is then made conductive by cur- 
rent in the igniter and remains conductive for the remain- 
der of the positive half-cycle of anode voltage. The angle 
« in Fig. 24 is defined as the angle of grid delay. 

The use of a positive and negative grid bias in this 
manner provides for a wide range of control of the angle 
of grid delay, and consequently, for a wide range of control 
of the exciter output voltage. When the exciter voltage is 
under control of the automatic electronic regulator, the 
manually-controlled negative bias EH. is replaced by a 
variable negative bias voltage from the regulator. 


12. Electronic Exciter Application Problems 


Modern a-c generators have proven their capability of 
continuous operation over long periods without being shut 
down for maintenance. It is necessary, therefore, that 
main exciters and excitation systems be capable of similar 
operation and that wearing parts be replaceable without 
requiring shutdown or even unloading. The ignitron and 
thyratron tubes in the electronic exciter are subject to 
deterioration and eventual failure and replacement, and it 
is essential that such a failure and consequent replacement 
be sustained without interfering with excitation of the 
a-c generator. 

In its usual form, the electronic main exciter is designed 
so that it can supply full excitation requirements continu- 
ously with two of the six ignitron tubes out of service. 
With all six tubes in service, the capacity is approximately 
150 percent of the requirements. Furthermore, the over- 
load capacity of the ignitron tubes is such that the rectifier 


216 


can supply full excitation for a short time with only two 
of the six tubes in service. Should a tube failure occur, the 
ignitron anode breaker, grounding switch, and firing-tube 
anode breaker are opened enabling replacement of the 
ignitron or firing thyratron of any group without disturb- 
ing the continuous operation of the remaining two tube 
groups. 

For the electronic exciter to be completely reliable, it 
must be provided with a reliable source of a-c power. When 
self-excited from the terminals of the main a-c generator, 
the input to the rectifier is subject to voltage changes 
during system disturbances. Thus during nearby faults 
on the system when it is desirable to increase the generator 
excitation as much as possible, the rectifier voltage output 
may be low due to the low a-c voltage. To compensate for 
the low voltage, the rectifier can be designed for a voltage 
output much higher than that required during normal 
operation; that is, the rectifier may be designed to produce 
normal ceiling voltage when the a-c input voltage is 75 
percent of normal. Under normal load conditions the volt- 
age is reduced to that required by control of the firing 
point. This method of compensation requires a larger 
rectifier transformer and means that the firing is delayed 
longer during normal operation. 

When separate-excitation is used to supply power to the 
rectifier, the input is no longer subject to variation during 
disturbances on the main system. It is possible that a 
disturbance in the system supplying power to the rectifier 
may cause a disturbance in the excitation of the a-c gen- 
erator and a consequent disturbance on the main system. 
This is overcome by making the rectifier power supply as 
reliable as possible. Since the same philosophy applies to 
the system used to supply the powerhouse auxiliaries, 
this system can be used to supply the rectifier. The 
shaft-driven three- or six-phase alternator, however, 
offers the most reliable solution. It is also possible to 
use duplicate supply with automatic changeover during 
disturbances in the normal supply, but this is not justi- 
fied normally. 


13. Response of the Electronic Main Exciter 


The ignitron rectifier has the ability to increase or de- 
crease its voltage output with substantially no time delay. 
Compared with the rate of voltage build-up of other types 
of d-c machines, it might be considered instantaneous. If 
the response ratio of the electronic exciter were expressed 
in accord with the definition given in Part I, it would 
convey afalse impression. The line Oa in Fig. 25 represents 
the actual voltage response of the electronic exciter. The 
line ab represents the ceiling voltage. The line Oc is drawn 
so that the area Ocd is equal to the area Oabd under the 
actual response curve during the 0.5-second interval. Ac- 
cording to the definition, the rate of response is the slope 
of the line Oc, which implies that the exciter voltage has 
not reached its ceiling value at the end of a 0.5-second 
interval. 

If the distance Oa is set equal to 1.0 per unit, then the 
distance dc almost equals 2.0 per unit. The rate of voltage 
build-up is de divided by 0.5 second or 4.0 per unit per 
second. The actual time required for the voltage to in- 
crease from O to a is much less than 0.1 second, and there- 
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Fig. 25— Response of the electronic main exciter. 


fore, the actual rate of voltage increase exceeds 10 per unit 
per second. 


Ill. PILOT EXCITERS 


When the main exciter of an a-c synchronous machine is 
separately-excited, the d-c machine which supplies the 
separate excitation is called a pilot exciter. A main exciter 
can be supplied with excitation from more than one source, 
as is the three-field main exciter, which has a self-excited 
field and two separately-excited ficlds, but the sources of 
separate excitation are still considered as pilot exciters. 

Older excitation systems used a storage battery as a pilot 
exciter, but maintenance problems soon prompted its re- 
placement with rotating types of d-c machines. Two gen- 
eral classifications of pilot exciters are constant-voltage and 
variable-voltage types. The constant-voltage type is used 
where control of the main exciter voltage output is by a 
rheostat in the exciter’s separately-excited field circuit, and 
the variable-voltage type is used where the pilot-exciter 
voltage must vary to give variable voltage on the exciter 
field. 


14, Compound-Wound Pilot Exciter 


The most common form of constant-voltage pilot exciter 
is the compound-wound d-c generator. The circuit diagram 
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Fig. 26—Compound-wound conventional pilot exciter. 
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is shown in Fig. 26. The pilot exciter is invariably a 125- 
volt machine with a self-excited shunt field and a series- 
excited field, adjusted to give substantially flat-compound- 
ing. Thus, regardless of the load on the pilot exciter, 
the magnitude of its terminal voltage is practically con- 
stant. 

The compound-wound pilot exciter is normally mounted 
on the shaft of the main exciter, and where the main exciter 
is direct-connected, the a-c generator, main exciter, and 
pilot exciter all rotate at the same speed. A rheostat, either 
ander the control of a voltage regulator or under manual 
control, is connected in series with the output circuit of the 
pilot exciter to regulate the voltage applied to the field of 
the main exciter. 


15. Rototrol Pilot Exciter 


The Rototrol, described in Sec. 8 as a main exciter, is 
also used as a variable-voltage pilot exciter. Depending 
upon the excitation requirements of the main exciter, the 
Rototrol pilot exciter may be of either one or two stages of 
amplification. Generally, when the main exciter and Roto- 
trol pilot exciter are direct-connected to the generator shaft 
and operating at 3600 rpm, the pilot exciter has a single 
stage of amplification. When the pilot exciter is operated 
ut a speed lower than 3600 rpm, such as 1800 or 1200 rpm, 
it is of the two-stage type. 

The single-stage Rototrol is a stabilized series-excited 
d-c generator as shown in Fig. 27. The control field is a 
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Fig. 27—Equivalent circuit of single-stage Rototrol pilot 
exciter. 
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separately-excited shunt field. The principal difference 
between this and a conventional series-excited d-c genera- 
lor is the fact that the Rototrol is operated in the unsat- 
‘rated region, that is, on the air-gap line. Under steady- 
state conditions, the sustaining series field supplies prac- 
tieally all of the ampere-turns required to maintain the 
Rototrol terminal voltage. The input to the control field 
‘cts as a stabilizing force to hold the voltage at any point 
on the straight-line portion of the saturation curve. 


IV. GENERATOR EXCITATION SYSTEMS 


In the ten-year period following 1935, two basic types of 
&cnerator voltage regulators filled substantially all needs 
of the electrical industry. These were the indirect-acting 
€xciter-rheostatic regulator and the direct-acting rheo- 
Statice regulator. Excitation systems are now in the midst 
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of a period of changes by reason of progress in the develop- 
ment of regulating and excitation systems. Efforts have 
been directed particularly toward the development of more 
reliable, more accurate, more sensitive, and quicker-acting 
systems. Consequently, there are now many different ex- 
citation systems in use, each filling a specific need of the 
industry. 

The preceding sections have discussed the various types 
of main and pilot exciters in use at present. The remainder 
of the chapter will be a comprehensive discussion of the 
application of these d-c machines in excitation systems in 
conjunction with various types of generator voltage 
regulators. 

Four types of voltage regulators are being used to con- 
trol the excitation of synchronous machines: 

1. Direct-acting rheostatic type 

2. Indirect-acting exciter-rheostatic type 

3. Impedance-network or static-network type 

4, Electronic type. 

Each of these are described in their application in various 
types of excitation systems in the order named. 


16. The Direct-Acting Rheostatic Regulator 


The Silverstat generator voltage regulator is a common 
and widely used form of the direct- and quick-acting rheo- 
static type of regulator. It is specifically designed for the 
automatic voltage control of small and medium size gen- 
erators. For generators rated above 100 kva, the Silverstat 
or SRA regulator is available in five sizes, the largest being 
used with generators as large as 25 000 kva. A typical SRA 
regulator of medium size is shown in Fig. 28 (a). 

The direct-acting rheostatic type of regulator controls 
the voltage by the regulator element varying directly the 
regulating resistance in the main exciter field circuit. The 
different sizes of SRA regulators are suitable for the auto- 
matic voltage control of constant-speed, one-, two- or 
three-phase a-c generators excited by individual self-excited 
exciters. The exciter must be designed for shunt-field con- 
trol and self-excited operation, with its minimum operating 
voltage not less than 30 percent of its rated voltage. Each 
regulator is designed for and limited to the control of 
one exciter. 

Where a-c generators are operated in parallel and are 
within the range of application of this regulator, the prac- 
tice is to provide each generator with an individual exciter, 
with the exciters operated non-parallel. Each generator 
and its exciter is provided with an individual regulator and 
suitable cross-current compensation provided between the 
regulators. 

Sensitivity—The sensitivity of a generator voltage 
regulator is the band or zone of voltage, expressed as a 
percentage of the normal value of regulated voltage, within 
which the regulator holds the voltage with steady or grad- 
ually changing load conditions. This does not mean that 
the regulated voltage does not vary outside of the sensi- 
tivity zone, but does mean that when the regulated voltage 
varies more than the percentage sensitivity from the regu- 
lator setting due to sudden changes in load or other system 
disturbances, the regulator immediately applies corrective 
action to restore the voltage to the sensitivity zone. 

Regulator sensitivity must not be confused with overall 
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regulation, which involves not only regulator sensitivity 
but also the time constants of the machines and the char- 
acter and magnitude of the voltage changes. The magni- 
tude and rate of load change determine how far the voltage 
deviates outside of the regulator sensitivity zone, and the 
time constants of the machines chiefly determine the time 
required to restore the voltage to the sensitivity zone. For 
these reasons only sensitivity can be specified so far as the 
voltage regulator is concerned and not overall regulation, 
which involves factors over which the regulator has no 
— ; control. 
eu) The rated sensitivity of the SRA voltage regulators 
: depends on the size of the regulator. The SRA-1 and 
SRA-2, the two smaller sizes, have rated sensitivities of 
plus or minus 214 and 1% percent, respectively. The 
larger SRA-3, SRA-4 and SRA-5 regulators are rated at 
plus or minus % of 1 percent sensitivity. 


17. Operation of the Direct-Acting Rheostatic 
Regulator 


The silver-button assembly, Fig. 28 (b), provides the 
means for changing the resistance in the exciter shunt-field 
circuit under control of the regulator. This basic assembly 
consists of a group of spring-mounted silver buttons so 
arranged that the buttons are separated from each other 
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Fig. 28—(a) SRA-4 Silverstat generator voltage regulator. Fig. 29—Schematic internal diagram of SRA-3 Silverstat 
(b) Silver-button assembly of Silverstat regulator. regulator. 
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normally, but can be closed or opened in sequence by a 
suitable driver having a travel of a fraction of aninch. The 
springs or leaves that carry the silver buttons are insulated 
from each other and each leaf is connected to a tap on a 
resistance element as shown in Fig. 29. Varying amounts 
of the resistance are short circuited by closing of the silver- 
button contacts. One or more of these basic elements are 
used in regulators of different sizes, four being used in the 
SRA-4 regulator illustrated in Fig. 28 (a). 

The control element of the regulator is a d-c operated 
device. A spring-mounted armature is centered in the air 
gap of the electromagnet as shown in Fig. 29. In regulating 
a-c voltage, a full-wave rectox rectifier is used to convert 
the a-c to d-c for energizing the control element. 

A typical excitation system under control of an SRA 
regulator is shown schematically in Fig. 30. The regulating 
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Fig. 30—Self-excited main exciter controlled by Silverstat 

regulator. The compensating resistance is used to provide 

cross-current compensation during parallel operation of a-c 
generators or to provide line-drop compensation. 


resistance is connected directly in the exciter shunt-field 
circuit. At one end of the travel of the moving arm, all of 
the silver buttons are apart from each other, placing max- 
‘mum resistance in the field circuit. At the other end of 
the travel, the buttons are closed and the resistance is 
short circuited. The moving arm can hold the resistance 
ut any intermediate value and, since the travel is short, 
ill the resistance can be inserted or removed from the field 
“reuit quickly. The speed of operation of the regulating 
“cement depends upon the magnitude and rate of change 
of the operating force. With a sudden drop in a-c voltage 
of 10 to 12 percent, the time required for the regulator to 
remove all resistance from the exciter shunt-field circuit is 
‘pproximately 0.05 second or 3 cycles on a 60-cycle basis. 

The regulating action of the SRA regulator is that of a 
Semi-statie device that operates only when a correction in 
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voltage is necessary. For a given value of regulated voltage 
and load on the machine being regulated there is a corres- 
ponding value of regulating resistance required in the field 
circuit; and a corresponding position of the moving arm 
and silver buttons that gives this value of resistance. Under 
such conditions the magnetic pull on the moving arm is 
balanced against the spring pull at that position of its 
travel. When there is a change in load on the machine 
being regulated, a corresponding change in voltage results, 
and the voltage is restored to its correct value by the 
moving arm and silver buttons taking a new position. 
Since the pressure on silver contacts determines the resist- 
ance of the contacts, an infinite number of steps of regulat- 
ing resistance are obtained. If the required value of exciter 
field resistance should lie between two of the tapped points 
of the regulating resistance, the pressure of the silver con- 
tacts changes to provide the correct intermediate value 
of resistance. 

The fixed resistance in the exciter field circuit in Fig. 30 
is used when it is desired to limit the exciter shunt-field 
current when the maximum or ceiling current is such as to 
interfere with the best performance of the voltage regulat- 
ing equipment. The exciter shunt-field rheostat and the 
generator field rheostat are provided primarily for control 
of the generator excitation when the regulator is not in 
service. Excitation current in the generator field can be 
regulated by changing the exciter output voltage or by 
holding the exciter voltage constant and changing the gen- 
erator field resistance. When the voltage regulator is in 
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Fig. 31—Silverstat regulator damping transformer and rectox 
rectifier assembly. 
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operation and controlling the generator voltage, the exciter 
shunt-field and generator field rheostats are ordinarily 
turned to the “all out” position so that the regulator has 
full control of the excitation voltage. 

Damping—To stabilize the regulated voltage and pre- 
vent excessive swinging under various conditions of excita- 
tion change, a damping effect is introduced into the regu- 
lator coil circuit by means of a damping transformer as 
shown in Fig. 30. The damping transformer is illustrated 
in Fig, 31. ‘The use of this device eliminates the need for 
dashpots or similar mechanical anti-hunting devices. 

The damping transformer is of a special type having a 
small air gap in the laminated-iron magnetic circuit. One 
winding is connected across the field of the generator whose 
voltage is being regulated, and the other winding is con- 
nected in series with the voltage regulator coil. When there 
is a change in excitation voltage as a result of the regulating 
action of the regulator, energy is transferred by induction 
from one winding to the other of the damping transformer. 
This energy introduced into the circuit of the regulator 
coil acts by reason of its direction, magnitude, and time 
relation to electrically damp excessive action of the moving 
arm, preventing the moving arm from carrying too far the 
change in regulating resistance and consequent change in 
generator excitation. Since the damping transformer oper- 
ates only when the excitation of the generator is changing, 
it has no effect when the regulated voltage is steady and the 
regulator is balanced. 

Parallel Operation—As is true with most generator 
voltage regulators, the SRA regulator can control only one 
exciter at a time. Where several a-c generators operate in 
parallel and all the generators are excited from one common 
exciter, a single Silverstat regulator can be used, provided 
the exciter is of a size that is within the range of application 
of this type of regulator. However, where a-c generators 
operate in parallel, the usual practice is to provide each 
one with an individual exciter controlled by an individual 
regulator. This scheme of operation requires that the ex- 
citers be operated non-parallel, and it is necessary to supply 
a means of assuring proper division of reactive kva between 
the generators. The division of the kilowatt load among 
paralleled a-c generators is dependent upon the power 
input to each generator and is controlled by the governor 
of its prime mover. Thus the division of kilowatt load is 
practically independent of the generator excitation. How- 
ever, changes in the field excitation of paralleled a-c gen- 
erators do affect the reactive kva or wattless component 
of the output, and the division of the reactive kva is directly 
affected by the operation of the voltage regulators. 

Thus, wattless current circulates between the paralleled 
a-c generators unless some provision is made whereby the 
generators are caused to properly divide the reactive kva. 
This is accomplished by means of cross-current compensa- 
tion, which functions to cause each generator to shirk 
wattless current by means of a slight droop in the regulated 
voltage with increase in the wattless component of current. 
The effect of the small droop required is usually negligible 
under operating conditions as found in actual practice. 

For three-phase a-c generators with the SRA regulator, 
the compensation is obtained by a standard current trans- 
former connected in one lead of each generator being regu- 
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lated as shown in Fig. 30. The current transformer ig 
connected to an adjustable resistance in the a-c supply 
circuit to the regulator operating element. The adjustable 
resistance permits adjustment of the compensation to suit 
the application. The current transformer is connected in 
one generator lead, while the potential transformer that 
operates the regulator is connected to the other two leads. 
Thus the phase relationship is such that for lagging re- 
active kva, the voltage drop across the compensating re- 
sistance adds to the a-c voltage energizing the regulator 
and subtracts in the case of leading reactive kva. This 
action tends to cause the regulator to lower excitation for 
lagging reactive kva and raise excitation for leading reac- 
tive kva. In this manner each generator tends to shirk , 
reactive kva, and the wattless power is automatically 
divided in proportion among the paralleled a-c generators. 

In many applications, reactance in the form of power 
transformers, bus reactors, etc., exists between paralleled 
a-c generators. If each generator is excited by an individ- - 
ual exciter under control of an individual voltage regu- 
lator, and if the reactance is such as to cause from four 
to six percent reactive drop between the two generators, 
then stable operation and proper division of the wattless 
component can usually be obtained without using cross- 
current compensation between the regulators. This is be- 
cause the reactance produces an effect similar to that ob- 
tained where cross-current compensation is used. 


18. Indirect-Acting Exciter-Rheostatic Regulator 


In recent years the increase in capacity of generating 
units, the extension of transmission systems, and the inter- 
connection of established systems, have reached a point 
where quick-response excitation is valuable for improving 
stability under fault conditions and large load changes. On 
applications of this kind the type BJ regulator is particu- 
larly adapted to the control of a-c machines employing 
quick-response excitation. The BJ regulator is of the 
indirect-acting exciter-rheostatic type for the automatic .. 
control of medium and large size a-c generators. - 

The indirect-acting exciter-rheostatic type of generator 
voltage regulator controls the voltage of an a-c machine by 
varying the resistance in the field circuit of the exciter that 
excites the a-c machine. The exciter is preferably sepa-. 
rately-excited from a pilot exciter or other source. If the 
exciter is self-excited, its minimum operating voltage must 
not be less than 30 percent of its rated voltage if stable 
operation is to be obtained. When lower voltages are 
necessary, the main exciter must be separately-excited. 

A schematic wiring diagram of the BJ generator voltage 
regulator and its auxiliary contactors is shown in Fig. 32. 
This diagram in conjunction with the simplified schematic { 
of Fig. 33 is used to describe the operation of the device. ; 

The main control element of the regulator is energized 3 
from two single-phase potential transformers connected to 
the a-c machine leads.. Two sets of contacts are on the) 
moving lever arm of the regulator element shown in Fig. ' 
32, namely, the normal-response contacts R-L and the, 
quick-response contacts AR-AL. The normal-response , 
contacts control the rheostat motor contactors NR and 
NL, to raise or lower the a-c machine voltage, respectively-. 
The quick-response AR and AL contacts control the high-| 
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speed contactors QF and QL, which are the “field forcing 
up” and “field forcing down” contactors, respectively. 
When contactor QF in Fig. 33 is closed, all external resist- 
ance is shorted out of the main-exciter field circuit, and 
when QL is opened by energizing its coil, a block of resist- 
ance is inserted in the field circuit. 

Normal Response—When the a-c voltage is normal, 
the regulator lever arm is balanced and in this position 
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neither the normal-response contacts R-L nor the quick-~ 
response contacts AR-AL are closed. Should the a-c volt- 
age fall below normal by a small amount, depending upon 
the sensitivity setting of the regulator, the normal-response 
contact F will close, energizing the rheostat motor control 
contactor NR. The contacts NF energize the rheostat 
motor which then turns the rheostat in a direction to 
remove resistance from the exciter field circuit, thereby 
increasing the voltage applied to the exciter field. 

The rheostat-motor control contactor NR has three con- 
tacts that close in independent circuits simultaneously. 
The one circuit is that just described which operates the 
rheostat motor. The second is the circuit of the anti- 
hunting winding NH of the regulator main control element 
and the third set of contacts complete a timing-condenser 
circuit. The anti-hunt device operates to increase the gap 
distance between the contact faces of the regulator contacts 
R and L, thereby opening the circuit at the R contacts. 
This change in position of the & contact is equivalent to 
changing the regulator setting to a lower voltage so far as 
the raise contacts are concerned, and to a higher voltage 
so far as the lower contacts are concerned. Where the 
deviation from normal voltage is small and within the 
recalibration effect of the anti-hunt device, the immediate 
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Fig. 33—Main-exciter circuits under control of BJ.regulator in’Fig. 32. 
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result of the closing of the contacts on contactor NR is to 
cause the opening of the regulator R contact, which in turn 
opens the circuit to the coil of contactor NR, to stop the 
motor of the exciter field rheostat and thus stop the rheo- 
stat moving arm. However, contactor NR does not im- 
mediately open due to a time-delay circuit around its coil 
that maintains the coil voltage. Thus the rheostat arm is 
permitted to move a definite distance, for example, from 
one button to the next on the rheostat faceplate, and at 
the end of its time delay, contactor NFR opens to stop the 
rheostat motor and deenergize the anti-hunt device. 

After the rheostat motor stops, it is desirable to provide 
some time delay to allow the a-c machine voltage to reach 
its final value. Such delay is obtained by a dashpot on the 
anti-hunt device that prevents the regulator contacts from 
immediately returning to their normal position. After this 
time delay has expired and the contacts have returned to 
their normal position, the normal response contact R again 
closes if the a-c voltage has not returned to normal. This 
starts another cycle of operation such as just described and 
these cycles continue until the normal value of regulated 
voltage is established. 

Where the original voltage deviation is large enough the 
regulator contacts remain closed continuously even though 
the anti-hunt device changes the contact setting. In this 
case the regulator arm is caused to follow the change in 
contact position made by the anti-hunt device, and the R 
contact and the contactor NR remain closed. This causes 
the rheostat motor to run continuously until the a-c volt- 
age is within the zone for which the anti-hunt device is set, 
at which time the notching action takes place to bring the 
voltage to normal. 

By means of the continuous or notching action of the 
rheostat, dependent upon the magnitude of the voltage 
change, time is allowed for the a-c voltage to come to rest 
between each voltage correction as the voltage approaches 
its normal value. The action of the dashpot is also such 
that the time required for the contacts to remake is longer 
as the lever arm approaches the normal voltage position. 
This results in a decreased motor speed as the rheostat arm 
moves nearer to its new position, preventing overshooting 
of the rheostat position and bringing the a-c voltage to 
normal in a minimum length of time. 

When the a-c voltage rises above the regulated value, 
an action similar to that described for low voltage takes 
place, except that the regulator contact. L closes energizing 
the rheostat motor control contactor NL, which operates 
the rheostat motor in a direction to increase the resistance 
in the exciter field circuit. 

Quick Response—When a large drop in voltage occurs, 
such as might be caused by a large block of load being 
thrown on the system or by a fault, the normal-response 
contacts # on the regulator close, followed by closing of the 
quick-response contacts AR. Contacts AR close the circuit 
to the high-speed field-forcing-up contactor QR, which 
short circuits all of the external resistance in the exciter 
field circuit, applying full exciter voltage to the field circuit. 
This causes the a-c machine voltage to start to return to 
normal very rapidly by forcing action. 

When the field-forcing-up contactor QR closes, an aux- 
iliary contact on this contactor closes at the same time in 
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the circuit of the anti-hunt device QH, which operates to 
spread the AR and AZ contacts in the same manner ag 
described for the NH device and the F and L contacty, 
Therefore, if the deviation from normal voltage is within 
the recalibration effect of the QH anti-hunt device, the 
field-forcing-up contactor closes and opens rapidly while 
the rheostat arm approaches the required new position. If 
the deviation from normal voltage is greater than the 
recalibrated setting of QH anti-hunt device, the field-fore. 
ing-up contactor closes and remains closed until the a-¢ 
voltage is brought within the recalibrated setting. 

As the a-c voltage comes within the setting of the AR 
contacts and they no longer close, the normal response: 
contacts R take control and by notching the rheostat> 
return the a-c voltage to normal. Since the rheostat moveg 
at maximum speed while the quick-response contacts are 
closed, it takes only a minimum of additional movement 
after the normal-response contacts take control to return 
the voltage to normal. : 

When the main exciter has a differential field as shown 
in Fig. 33, a contact in the QR contactor opens the differ- 
ential-field circuit. In this way, the damping effect of the 
differential field in slowing the exciter response is removed. 


19. Sensitivity of the BJ Regulator 


The rated sensitivity of the BJ generator voltage regu- 
lator is plus or minus 14 of one percent. The sensitivity is 
adjusted by varying the spacing between the regulator 
contacts R and L. The quick-response contacts are set to 
a wider spacing than the normal-response contacts so that 
larger deviations from normal voltage are required to close 
them. The usual range of settings of the quick-response 
contacts is from plus or minus 2)4 percent to plus or minus 
10 percent, the setting depending somewhat on the setting 
of the normal-response contacts and upon the operating 
conditions of the particular installation. 

The main coil of the control element in Fig. 32 consists 
of a voltage winding energized by a d-c voltage, rectified 
from the three-phase a-c source being regulated. Thus, the 
coil is energized by a voltage equal to the average of the 
phase voltages and the regulator holds this average voltage 
within the rated sensitivity zone. The level of the regu- 
lated voltage is set by adjustment of the voltage-adjusting 
rheostat; resistance being added in series with the regulator 
voltage coil to increase the level of the regulated voltage, 
and resistance being removed to decrease the level of the 
regulated voltage. The normal range of adjustment is 
approximately plus or minus 10 percent from the normal 
generator voltage. 


20. Cross-Current Compensation with BJ Reg-| 
ulator 


When cross-current compensation is required to give the 
voltage regulator a drooping characteristic, one compen-. 
sator and one current transformer are required, connected. 
as shown in Fig. 32. The compensator is designed to supply | 
a compensating voltage in two phases of the three-phase: 
regulator potential circuit. This insures applying a bal-| 
anced three-phase voltage to the regulator element, which; 
would not be the case if only one leg was compensated. j 

The vector diagram of the compensating circuit is shovn| 
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Fig. 34—Vector diagram of cross-current compensation used 
with BJ regulator. Circuit shown in Fig. 32. 


in Fig. 34, the potential transformer secondary voltages 
being represented by Ha, B32 and £43. The current applied 
to the autotransformer of the compensator in Fig. 32 is 
taken from the secondary of a current transformer in phase 
2 of the a-c circuit. Two compensating voltages are pro- 
duced; one between terminals X1-X2 designated as Fz on 
the vector diagram and the other between terminals Y1-Y2 
designated as Zz on the vector diagram. Voltages Ep and 
Ez are 120 degrees apart in time phase and, therefore, can 
be added to a three-phase set of voltages without unbalanc- 
ing it. 

The vector diagram shows Ez and Ep for zero power 
factor, under which condition maximum compensation is 
obtained. As the power factor approaches unity, these 
voltage vectors swing through an arc of 90 degrees and 
give zero compensation at 100 percent power factor. At 
zero power factor, vectors Ez and Ex add directly to vec- 
tors Ey, and E,3, respectively. For power factors greater 
than zero, only a proportionate component of these volt- 
ages Ez and Eg add directly to voltages Hx and Ey3. The 
addition of these compensating voltages to the line voltages 
as the'load increases or the power factor changes gives the 
regulator element a high voltage indication resulting in a 
reduction or droop in regulated voltage. Usually the com- 
pensator should cause from four to six percent droop in 
voltage at zero power factor full load on the a-c generator. 


21. Line-Drop Compensation with BJ Regulator 


_ The wide use of interconnected power systems has elim- 
Inated to a large extent the need for line-drop compensa- 
tion. However, it is sometimes desirable to regulate for a 
constant voltage to be maintained at some point on the 
system external to or distant from the station where the 
‘-c machine and its regulator are located. The principle 
by which this is accomplished is shown by the circuit and 
vector diagrams of Fig. 35. 

The voltage regulator is to maintain the voltage E, 
constant. If it were possible to supply the regulator with 
Pilot wires so that it could measure the voltage at the load 
center, the regulator could adjust the excitation of the 
8enerator to maintain £, constant. Since in actual practice 
It Is impractical to use pilot wires, the regulator potential 
Winding is energized from the generator bus voltage Fi, and 
t € two components XJ and RI are subtracted from it 
artificially by the compensation. The resultant voltage FE, 
1s then supplied to the regulator. If the components XI 
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Fig. 35—Principle of line-drop compensation. 


and RI are proportioned to and in phase with the corres- 
ponding values of line reactance and resistance voltage 
drops, the regulator controls the voltage as if it were 
connected by pilot wires to the load center. 

In general, since the reactance component XJ of the line 
predominates, it is necessary to compensate mainly for this 
component of the line drop, the resistance component R/ 
having a relatively small effect. 

Parallel operation of a-c generators, each under the con- 
trol of a voltage regulator, requires a droop in regulated 
voltage with an increase in wattless load. On the other 
hand, reactance line-drop compensation requires a rising 
characteristic for the regulated voltage with an increasing 
wattless load. In order to compensate for reactive cross 
current between machines and for complete line drop when 
machines are operating in parallel in the same station, three 
current transformers and two compensators with suitable 
auxiliary equipment must be used for each machine. In 
any event, the XJ line-drop compensation must never 
exceed the XJ cross-current compensation; i.e., there must 
be a net droop in regulated voltage with increase in watt- 
less load. 

Complete line-drop compensation is not always neces- 
sary, and a simple compromise solution is available to 
provide approximate line-drop compensation and reactive- 
droop compensation. The RJ-drop compensation is set to 
approach the XJ drop of the line for some average power 
factor. When-the RJ-drop compensation is so set, the 
XJ-drop compensation can be adjusted independently to 
provide the required cross-current compensation, and there 
is no interference between the two compensators. 


22. Synchronous Condenser Excitation with BJ 
Regulator 


The type BJ generator voltage regulator can also be used 
to control the excitation of a synchronous condenser. The 
circuit is essentially the same as that shown in Figs. 32 
and 33. 

When the excitation of a synchronous condenser is in- 
creased above a certain value, the condenser furnishes a 
lagging (overexcited) current to the system thereby caus- 
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ing the voltage to rise. In a similar manner, decreasing the 
excitation lowers the voltage. Thus, when a generator 
voltage regulator is applied to a synchronous condenser, 
it regulates the line voltage to a constant value by varying 
the excitation of the condenser, provided the condenser 
has sufficient corrective rkva capacity. 

It is often necessary that the condenser furnish leading 
(underexcited) rkva as well as lagging (overexcited) rkva, 
and it is necessary to reduce the excitation to an extremely 
low value. Where the minimum value is less than 30 per- 
cent of the main exciter rated voltage, it is necessary to use 
a separately-excited main exciter. In many cases it is 
necessary to reverse the excitation voltage to obtain full 
leading rkva capacity from the condenser. This is accom- 
plished by the differential field in the conventional main 
exciter, and by reversing the pilot exciter voltage in the 
case of the Rototrol pilot exciter. 

In the operation of a synchronous condenser under ab- 
normal conditions, a situation may occur where the con- 
denser does not have sufficient corrective rkva capacity to 
handle all, or the most severe, system requirements. At 
such a time, the regulator in trying to hold the line voltage 
overexcites the condenser, causing it to carry excessive 
current and become overheated. To protect against this 
condition, a current-limiting device is used to limit the 
maximum excitation voltage to a level that does not cause 
damage due to continuous overloading of the condenser. 

When the BJ regulator is used to control the excitation 
of a synchronous condenser, a time-delay current-limiting 
device is used. The equipment is designed to recognize two 
conditions; first, the case of a slowly rising load current to 
a predetermined limiting or unsafe value, and second, a 
sudden increase in load current such as might be caused 
by a system fault. 

Protection against overcurrent is provided by a current- 
operated device having its operating coil energized by the 
line current and having its main contacts connected in 
series with the main control contacts of the voltage regu- 
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lator. If the synchronous condenser load is gradually ip. 
creased, the current-limiting contact in series with the R 
contact of the regulator opens the “raise” control circuit 
and prevents any further increase in excitation. At the 
same time, a second contact of the current-limiting device 
energizes the “lower” control circuit of the regulator, caus- 
ing the excitation and load current to be reduced to the 
safe limiting value. This protection against a gradual in. 
crease in load operates in the normal-response R-L circuits 
of the voltage regulator. 

In the case of a sudden increase in load current, an 
instantaneous overcurrent relay set to pick-up at a higher 
value of current than the current-limiting device closes itg 
contacts. One set of contacts initiates a timing cycle, and 
the other set deenergizes an auxiliary relay. Deenergizing 
the auxiliary relay allows the contacts of the voltage- 
regulating element to remain in control for the time setting 
of the timing relay, thus permitting the use of both normal- 
and quick-response excitation for stability purposes under 
fault conditions. 

Control of the excitation is automatically returned to the 
voltage-regulator control element when the overload dis- 
appears. Should the decreasing overload remain for a time 
below the setting of the instantaneous overcurrent relay 
but within the setting of the current-limiting element, the 
latter maintains control to prevent increase in excitation. 


23. Impedance-Type Voltage Regulator 


The excitation system shown in Fig. 36 employs a main- 
exciter Rototrol to supply excitation to the a-c generator. 
With the high degree of amplification obtainable with a 
Rototrol, the energy requirements of the control field are 
sufficiently small that they can be supplied by instrument 
transformers. The intelligence transmitted to the control 
field of the Rototrol as a function of the generator terminal 
voltage is determined by the voltage-regulator potential 
unit, voltage adjusting unit, and automatic control unit. 
These voltage-regulator devices consist entirely of imped- 
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Fig. 36—Block diagram of the impedance-type voltage regulator as used in a main-exciter Rototrol excitation system.” 
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ance elements and from this consideration the combination 
of devices in Fig. 36 is referred to as an impedance-type 
or static-type voltage regulator. 

The voltage regulator potential unit is energized by the 
generator line-to-line voltage and the currents of two 
phases. Its output is a single-phase a-c voltage, applied 
to the series connection of the voltage adjusting unit and 
the automatic control unit. The automatic control unit is 
» voltage-sensitive device, the output of which is a d-c 
voltage. The polarity and magnitude of this d-c voltage 
are determined solely by the magnitude of the impressed 
a-c voltage. The output of the automatic control unit is 
the control signal that energizes the control field of the 
main-exciter Rototrol. 

When the generator output voltage is exactly at the 
regulated value, the output voltage of the automatic con- 
trol unit is zero. If the generator voltage increases above 
the regulated value, the d-c output voltage is in the direc- 
tion to decrease the excitation voltage, working through 
the Rototrol exciter. When the generator voltage falls 
below the selected value, the d-c output voltage of the 
automatic control unit is in the direction to increase the 
a-¢ generator excitation. 

When the voltage regulator is not in service, manual 
control of the a-c generator excitation is by means of the 
manual control unit. To guarantee synchronous machine 
steady-state stability, that is, insure adequate excitation 
for all kilowatt loads, a minimum excitation unit is used. 
The minimum excitation unit used with the Rototrol ex- 
citation systems is of a form that provides a variable 
minimum limit depending on the kilowatt load. 
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Fig. 37—Impedance-type regulator potential unit. 


(a) Schematic diagram. 
(b) Vector diagram. 
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Potential Unit—The voltage-regulator potential unit, 
shown schematically in Fig. 37, consists of a potential 
transformer, a filter reactor and a set of resistors. The 
output voltage of the potential unit is directly proportional 
to the positive-sequence component of the generator ter- 
minal voltage, and therefore, the voltage regulator is not 
affected by generator voltage unbalance and regulates to 
constant positive-sequence voltage. The circuit is a nega- 
tive-sequence voltage-segregating filter so connected that 
the negative-sequence voltage is subtracted from the line 
voltage which, in the absence of a zero-sequence component, 
yields positive-sequence voltage. 

The primary of the filter or mutual reactor is energized 
by the phase 1 and 3 current transformers. The flux 
produced thereby induces a voltage in the secondary wind- 
ing which is added vectorially to the phase-3 drop in the 
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Fig. 38-—-Vector diagrams showing how cross-current com- 
pensation is obtained with the potential unit of the imped- 
ance-type regulator. 
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resistor 2C’, the sum being proportional to the negative- 
sequence voltage at the generator terminals. This negative- 
sequence voltage is the component of the three-phase volt- 
age that represents the unbalance in voltage resulting from 
load unbalance. It is subtracted vectorially from the gen- 
erator voltage to give the desired positive-sequence voltage 
across the terminals V11 and V12. 

The potential unit can also provide compensation for 
parallel operation of a-c generators when each machine is 
equipped with a voltage regulator. Reactive-droop com- 
pensation is obtained by adjustment of the resistance RC 
in the potential unit in Fig. 37. The vector relations of 
the generator line currents and terminal voltages are shown 
in Fig. 38 (a). If the ohmic value of the resistor RC is 100 
percent, the voltage equation of the circuit and the vector 
diagram are those shown in Fig. 37. If the ohmic value of 
RC is reduced to 50 percent, the vector diagram becomes 
that shown in Fig. 38 (b). Zp and E,. no longer are iden- 
tical, although for unity power factor their difference in 
magnitude is of negligible proportion. The difference vec- 
tor Ec can appropriately be called the reactive-droop 
compensator voltage. Assuming a given lagging power 
factor generator load, the vector diagram of Fig. 38 (c) 
shows how the generator terminal voltage Fy» must vary 
for the automatic control-unit input voltage Zz to remain 
constant. As the generator load increases, Ec also increases 
and £, must decrease, since Ez remains constant in mag- 
nitude. Thus the generator voltage is given a drooping 
characteristic with increase in lagging power factor load. 

Voltage Adjusting Unit—The voltage adjusting unit 
in Fig. 36 is a rheostat that enables the operator to set the 
a-c generator regulated voltage at any value within a band 
of plus or minus 10 percent of the rated generator voltage. 
By means of the voltage adjusting unit, the resistance 
between the generator terminals and terminals V11 and 
V12 of the automatic control unit can be changed, causing 
a directly proportional change in voltage drop in the cir- 
cuit. The drop requires a change in a-c generator voltage 
to produce the regulator balance-point voltage across the 
terminals V11 and V12. 

Automatic Control Unit—The automatic control 
unit is the voltage-sensitive element of the impedance-type 
voltage regulator. It measures the voltage to be regulated 
and delivers energy to the main-exciter control field only 
when necessary. The voltage-sensitive circuit in Fig. 39 
consists essentially of two parallel-circuit branches; one 
containing a capacitor and the other a saturating reactor. 
The voltage-current characteristic curves of the capacitor 
and saturating reactor are shown in Fig. 39 (b). The curve 
of the reactor indicates that its current increases more 
rapidly than voltage, and the currents through the two 
branches of the circuit are equal at only one value of volt- 
age where the characteristics intersect. This point of inter- 
section is called the balance point of the two impedances. 
The operation of the voltage regulator depends upon the 
fact that when the voltage increases above this point, the 
current in the reactor is greater than the current in the 
capacitor. When the voltage decreases below the balance 
point, the capacitor current is the greater. 

The output of the reactor circuit and the output of the 
capacitor circuit are rectified by single-phase full-wave 
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Fig. 39—-Impedance-type regulator automatic control unit. 
(a) Circuit diagram. 7 


(b) Intersecting impedance characteristics of saturating reactor 
and capacitor. 


dry-type rectifiers, which are connected with additive re- 
lation in series through a resistor and smoothing reactors. 
The control field of the Rototrol is connected between &, 
mid-tap on the resistor and the opposite side of the rectifier, 
circuit. When the applied voltage is at the balance point, 
and the capacitor and reactor currents are equal in magni-] 
tude, the output currents of the rectifiers are equal and 
circulate between the rectifiers. Under this condition there. 
is no potential difference between the terminals ACR-ACL 
of the Rototrol control field and no current flows in the field. 
Should the a-c voltage become low, however, the rectified 
current of the capacitor circuit is large compared with that: 
of the reactor circuit raising the potential of terminal ACR 
above that of ACL and causing current to flow in the con; 
trol field in a direction to increase the excitation voltage and 
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raise the a-c voltage. For an increase in a-c voltage, the 
direction of current flow in the control field would be 
reversed causing a reduction in excitation voltage. Thus 
with normal a-c voltage applied to the automatic control 
unit, the control-field current is nearly zero and any devi- 
ation in a-c voltage causes a corrective current to flow in 
the control field. 

The current in the control field of the Rototrol is directly 
proportional to the horizontal difference between the ca- 
pacitor and saturating reactor volt-ampere characteristics 
in Fig. 39 (b). Examination of the curves shows that the 
eontrol-field current is approximately proportional to the 
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Fig. 40—Typical output curve of automatic control unit as 


function of a-c voltage. 


change in a-c voltage for small changes. The control-field 
current as a function of the a-c voltage applied to the 


automatic control unit is shown in Fig. 40. Maximum cur- 


rent in the direction to raise the Rototrol terminal voltage 
occurs when the a-c voltage is approximately 85 percent 
ot the balance-point voltage. The small current output of 
the automatic control unit is sufficient to control the Roto- 
trol output over the entire range of the Rototrol capability. 
_ Minimum Excitation Unit—Like other units of the 
mpedance-type voltage regulator, the minimum-excitation 
unit normally used is comprised of impedance elements. 
The minimum-excitation unit establishes a minimum 
point or limit below which the excitation of the a-c gen- 
crator cannot be lowered. The minimum point can be a 
fixed limit or a variable limit. On machines that carry 
Considerable real or kilowatt load it usually is desirable to 
Make the minimum limit vary approximately directly pro- 
Portional to the kilowatt load, thereby maintaining a mar- 
81n of excitation current above that at which the machine 
Would pull out of synchronism. Since the ‘main-exciter 
Ototrol is limited to use with 3600-rpm turbine gener- 


oe the minimum excitation unit is of the variable-limit 
Ype. 
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Fig. 41—Schematic diagram of the impedance-type minimum 
excitation unit and vector diagram showing how variable 
minimum limit is obtained. 


The schematic diagram and vector diagram of the min- 
imum-excitation unit is shown in Fig. 41. A saturable 
reactor with coils on the three legs of a B-shaped core 
is used. The two outside legs are connected in parallel, 
such that at any given instant, both windings produce an 
a-c flux in the same direction through the center leg of the 
core. The winding on the center leg is the d-c control coil. 
The d-c current in this winding controls the saturation of 
the iron core, thereby controlling the inductance and react- 
ance of the two outer a-c windings. When the d-c control 
current is low, saturation of the core is slight, and the 
reactance of the a-c coils is high; and when the d-c current 
is high, the core has a higher degree of saturation and the 
reactance of the a-c windings is low. 

The center-leg winding is energized by the main-exciter 
Rototrol output voltage as shown in Fig. 36. When the 
a-c generator is operating at normal voltage and the excita- 
tion voltage is normal, the current in the reactor control 
winding is relatively high, and consequently the reactance 
of the a-c windings is low. A substantial amount of a-c 
current is allowed to flow through the reactor windings 
under this condition. The relatively high a-c current 
through resistor R/ causes a large voltage drop such that 
the a-c voltage appearing across X-Y is relatively small. 
When the voltage is low across the series circuit composed 
of the saturating reactor, capacitor and rectifier, current 
in the series circuit is substantially zero. However, because 
of the impedance characteristic of this series circuit, there 
is a voltage at which the series-circuit current begins to 
increase rapidly with small increases in voltage. 

If for some reason system conditions should cause the 
voltage regulator to introduce current into the control field 
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of the Rototrol to reduce the excitation voltage, the current 
in the reactor control winding is also reduced. The re- 
actance of the a-c windings increases, and the current 
through resistor 2/ 1s reduced, causing less voltage drop 
in the circuit and increasing the voltage across X-Y. If 
the voltage across X-Y rises to the conducting point of the 
series circuit, a-c current increases sharply in this circuit, 
and this current rectified is supplied to the minimum ex- 
citation control field of the Rototrol exciter. The minimum 
excitation control field is the limits field in Fig. 36. The 
direct current supplied to the minimum excitation control 
field is in the direction to raise the excitation voltage, and 
the minimum excitation unit thus begins to regulate for a 
preset minimum excitation voltage to keep the circuit of 
the unit balanced. When system conditions cause the auto- 
matic control unit to increase the excitation above that 
provided by the minimum excitation unit, the regulator 
again takes control and holds the voltage for which it 
is adjusted. 

The variable minimum excitation limit is obtained by 
the compensating circuit shown in the left-hand portion of 
Fig. 41. The voltage Fy across terminals V1-V2 is held 
constant by the automatic control unit under balanced 
load conditions. A compensating voltage that is a function 
of line currents I2-J, is added vectorially to Ey» such that 
the a-c voltage applied to the saturating reactor is equal 
to Ec. The currents J, and J; in the vector diagram of 
Fig. 41 are drawn for the unity power factor condition and 
the resulting magnitude of Eg is represented by the vector 
drawn with a solid line. If the magnitudes of the line 
currents are held constant and the power factor changed 
to 70 percent lagging, the voltage Ep is shifted such that 
the magnitude of Eco becomes that represented by the 
dotted vector. Thus, the magnitude of the voltage Eo is 
dependent on the magnitude of the in-phase component 
of the line current, and hence varies with the kilowatt load 
on the generator. The locus of the magnitude of Eo for a 
particular magnitude of current at various power factors 
is represented by the semi-circle as shown. Therefore, since 
the voltage input to the saturating reactor is a function of 
the kilowatt load, the voltage across X-Y applied to the 
series circuit also varies with kilowatt load. The minimum 
excitation limit becomes a variable quantity dependent 
upon the kilowatt load of the generator. 

The individual and combined volt-ampere character- 
istics of the saturating reactor, capacitor and resistance 
(equivalent resistance of the reactor, rectifier and load) 
are shown in Fig. 42 (a). As the voltage across X-Y is 
increased, the combined characteristic shows that the cir- 
cuit conducts practically no current until the voltage Ey is 
reached. The current then undergoes a large increase to 
the value J;. When the volt-ampere characteristic of the 
resistor RJ is included, the combined characteristic ismodi- 
fied to that shown in Fig. 42 (b). The sudden large increase 
in current shown when voltage ZH; is reached in Fig. 42 (a) 
is eliminated, but the current increases rapidly and linearly 
with increase in voltage in the range above E;. The prac- 
tical operating range of the unit is determined by the 
intersection of the capacitive reactance line Xe with the 
saturating reactor line Xs. Two ratings of minimum-ex- 
citation units are available; one giving an operating range 
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Fig. 42—Volt-ampere characteristics of individual compo- 
nents of minimum excitation unit and combined volt- “anapere 
characteristic. 


(a) Effect of R1 omitted. 
(b) Effect of 22 included. 


of 0-300 milliamperes, and the other giving an operating 
range of 0-750 milliamperes. The unit having the larger 
operating range is used with the main-exciter Rototrol. - 

Manual Control Unit—The manual control unit used 
with the main-exciter Rototrol excitation system of Fig. 36 
is a bridge-type circuit as shown in Fig. 43. Such a circuit 
is required to reverse the direction of current in the control 
field as required to raise or lower the Rototrol voltage. In 
addition, the unit is a d-c voltage regulator in itself, main- 
taining essentially constant main-exciter voltage and con- 
stant a-c generator voltage for a given load. 

The bridge circuit consists of two fixed resistors, & 
potentiometer and two selenium rectifiers connected a3 
shown. The main exciter terminal voltage is applied across, 
two terminals of the bridge and the control field of the 
Rototrol is connected across the other two terminals. The 
exciter terminal voltage is adjusted by changing the posi-, 
tion of the potentiometer. The selenium rectifiers form the, 
controlling element of the bridge circuit since the voltage, 
drop in this leg of the bridge is practically independent “ 
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Fig. 43—Schematic diagram of the impedance-type regulator 
manual control unit. 


the current through the rectifiers, and will remain sub- 
stantially constant. Thus the voltage #, in Fig. 43 can be 
considered constant. 

For a given setting of the potentiometer, the bridge 
circuit is balanced when the voltage E, is equal to E, and 
under this condition there is no current in the Rototrol 
control field. If the main exciter voltage should increase 
for any reason, the current through the bridge increases, 
which increases the voltage drop £; so that MCR is positive 
with respect to MCL. Current then flows in the control 
field in a direction to reduce the exciter voltage until the 
bridge circuit is again balanced. For a drop in-exciter 
voltage, the control field current would be in the raise 
direction. Thus, the a-c voltage may be adjusted for any 
value from zero to maximum, and the manual control unit 
holds the excitation voltage constant. 


24. Main-Exciter Rototrol Generator Excitation 
System 


The Rototrol with its two stages of amplification can be 
built with large power output capabilities while the control 
field energy requirements are sufficiently small to be sup- 
plied by instrument transformers. Also, since the Rototrol 
is a high-speed machine with air-gap dimensions the same 
as any other form of d-c machine, it can be direct-connected 
to the shaft of a turbine generator. The direct-connected 
main-exciter Rototrol is a step toward simplification of 
turbine generator construction, operation and maintenance 
by completely eliminating the pilot exciter. The circuit of 
the main-exciter Rototrol excitation system is that shown 
in Fig. 36. 

The effect on the main-exciter Rototrol of induced field 
current caused by changes in generator load was discussed 
in Sec. 10. Evidence of the importance of this effect and 
illustration of the comparative performance of the main- 
exciter Rototrol excitation system is given in Fig. 44. The 
solid line shows the time variation of the a-c generator 
Voltage under control of an impedance-type regulator and 
& main-exciter Rototrol, and the dashed-line curve shows 
the variation under control of an indirect-acting exciter- 
theostatic type of regulator and a conventional main ex- 
citer with 0.5 response ratio. In each case, a three-phase 
reactance load was suddenly applied to the generator to 
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Fig. 44—Voltage-recovery performance of main-exciter Roto- 
trol excitation system compared with performance of con- 
ventional main-exciter system under control of BJ regulator. 
Approximately 20 percent of generator rated amperes at 0 
percent lagging power factor added at zero time. 


cause approximately 20 percent of rated generator amperes 
to flow in the circuit. The rapid recovery of the voltage 
under control of the impedance-type regulator and main- 
exciter Rototrol is an important factor in maintaining 
system stability, particularly during the period of over- 
shoot when the generator voltage is greater than 100 
percent. 

The main-exciter Rototrol excitation system has the 
advantage of a voltage regulator without moving parts, 
without contactors, and requiring no large motor-operated 
main-exciter field rheostat. The overall performance of the 
system shows marked improvement in voltage dip and 
recovery time when compared with a conventional main- 
exciter excitation system. The system also eliminates the 
use of any pilot exciter. 


25. Rototrol Pilot Exciter with Single-Field Main 
Exciter 


The simplest form of an excitation system using a Roto- 
trol pilot exciter is shown in Fig. 45. When the speed of 
rotation of the main a-c generator is 1200, 1800 or 3600 
rpm, the main exciter and Rototrol pilot exciter can be 
direct-connected to the generator shaft. A second possi- 
bility is to have the main exciter mounted on the shaft of 
the a-c generator and the Rototrol separately-driven by a 
small motor, the m-g set having sufficient inertia to carry 
through system disturbances without appreciable speed 
change. This arrangement might be used where the gen- 
erator speed is less than 1200 rpm. A third arrangement is 
to have the main exciter and the Rototrol pilot exciter 
driven by a motor and operating at 1200 or 1800 rpm. 
The latter arrangement is applicable with a generator of 
any speed. 

In the conventional excitation system, the pilot exciter 
is a constant-voltage generator. The Rototrol pilot exciter 
is a variable voltage pilot exciter and the method of operat- 
ing the excitation system of Fig. 45 is essentially no differ- 
ent than the operation of conventional exciter-rheostatic 
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systems, except that no regulator-controlled, motor-oper- 
ated exciter-field rheostat is used. Variable voltage is sup- 
plied to the main-exciter field by the Rototrol pilot exciter, 
which is connected directly to the field and is under the 
control of the voltage regulator automatie control unit or 
the manual control unit. 

The voltage regulator potential unit, voltage adjusting 
unit, automatic control unit and the manual control unit 
are those described in Sec. 23. 

The Rototrol pilot exciter used in this excitation system 
can provide either one or two stages of amplification, 
depending on the energy requirements of the main-exciter 
shunt field. The Rototrol can easily be constructed to 
provide rates of response and ceiling voltage equal to or 
in excess of those obtained with conventional d-c machines. 
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Fig. 45—Excitation system with Rototrol pilot-exciter and 
single-field main exciter controlled by impedance-type 
regulator. 


The excitation system shown in Fig. 45, therefore, provides 
performance characteristics at least equal to those obtained 
with conventional excitation systems. 

The Rototrol pilot exciter in Fig. 45 supplies all the 
excitation requirements of the main exciter. In this respect 
this system is identical with exciter-rheostatic systems 
using pilot exciters. The essential advantage is the elim- 
ination of the comparatively complicated exciter-rheostatic 
regulator with its moving parts and elimination of the 
motor-operated main-exciter field rheostat. As is the case 
with the exciter-rheostatic excitation system, Joss of the 
pilot exciter through a short circuit or open circuit causes 
loss of excitation on the a-c generator. 


26. Rototrol Buck-Boost Pilot Exciter 


The buck-boost Rototrol excitation system using a two- 
or three-field main exciter, as shown in Fig. 46, offers a 
number of advantages over the single-field main exciter 
system described in Sec. 25. In the system of Fig. 46, the 
Rototrol pilot exciter operates in a different manner from 
that in Fig. 45. 

The operation of the three-field main exciter was de- 
scribed in Sec. 6. The Rototrol buck-boost pilot exciter 
supplies the proper voltage to field 2 of the main exciter 
to control the output voltage. Briefly, the excitation pro- 
vided by field 1 is set by the operator to give a base ex- 
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Fig. 46—Excitation system with Rototrol buck-boost pilot 
exciter and three-field main exciter. 


citation in the main exciter, and the excitation provided 
by field 2 adds to or subtracts from this base excitation 
to vary the output voltage. Thus the Rototrol must be 
capable of bucking or boosting the main exciter base ex- 
citation to give the necessary range of main exciter voltage. 
The Rototrol-excited field of the main exciter also acts as 
a stabilizing field under regulator control. 

All of the voltage regulator component parts in Fig. 46 
are those described in Sec. 23. The manual control unit is 
not required, since manual control is obtained by operating 
the main exciter as a self-excited exciter with a stabilizing 
field, and voltage control is by means of the shunt-field 
rheostat. 

Since the main exciter base excitation is supplied by the 
self-excited field, complete excitation is not lost or is the 
continuity of the load disturbed upon the occurrence of 
any trouble in the Rototrol buck-boost pilot exciter r- 
cuits or in any part of the impedance-type voltage regu- 


lator elements. Even in the event of a short circuit or open ~ 


circuit in the pilot exciter output circuit, the preset base 
excitation remains rheostat controlled and undisturbed. 
If a circuit failure occurs when the a-c generator is carrying 


a load other than that used to determine the rheostat 
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Fig. 47—Excitation system for hydroelectric generator with « 


motor-driven Rototrol buck-boost pilot exciter and three- 
field main exciter. 
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setting, the a-c generator continues to carry its kilowatt 
load, but at a different power factor. 


27. Rototrol Excitation for Hydroelectric Gener- 
ators 


it is impractical to direct-connect the Rototrol to the 
shaft of a waterwheel generator, because of the multiplicity 
of speeds and sizes involved. The Rototrol pilot exciter, 
therefore, must be driven by a small motor, introducing 
the problem of a reliable power supply for the driving 
motor. The three-field main exciter and Rototrol buck- 
hoost pilot exciter excitation system of Fig. 46 is readily 
adaptable to use with slow-speed generators and is shown 
in Fig. 47. 

During start-up of the generator when no outside source 
of supply is available for driving the Rototrol motor- 
generator set, the main exciter is operated as a self-excited 
machine and provides excitation for the main generator. 
As soon as a-c voltage is available, the Rototrol can be 
started and the voltage regulator placed in service, or 
operation can be continued under hand control with the 
operator controlling excitation with the self-excited shunt 
field rheostat. 

Under short-circuit conditions on the a-c system, the 
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excitation system must be capable of supplying full ex- 
citation to the generator field. With the system shown in 
Fig. 47, this is accomplished by building sufficient inertia 
into the Rototrol m-g set to carry it through such disturb- 
ances With very little change in speed even under severe 
forcing conditions. 


28. Rototrol Excitation for Synchronous 
Condensers 


The Rototrol excitation system for synchronous con- 
densers is similar to that shown in Fig. 47 for waterwheel 
generators. However, in the usual case, the main exciter 
for the condenser is also motor-driven so that the motor 
supply circuit has to be modified to supply sufficient power 
for the motor-generator set. Electrically, the circuit is the 
same as Fig. 47, but the main and pilot exciters are 
normally on the same shaft and driven by a large motor. 

Where some form of current limit is desired as discussed 
in Sec. 22, a static current-limit device can be used with 
the Rototrol excitation system. The circuit of the current- 
limit unit is similar to that of the minimum excitation unit 
shown in Fig. 41. The rectified a-c load current of the 
condenser is used to energize the center or control winding 
of the three-legged reactor, and to control the magnitude 
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Fig. 48—Schematic diagram of the electronic generator voltage regulator. The variable output appearing across terminals 
4 and 25 can be used to control the firing point of an electronic main exciter or can be adapted to control a Rototrol 
excitation system. 
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of the voltage applied to the series reactor-capacitor- 
rectifier circuit. At a certain magnitude of a-c current, 
the series circuit begins conducting a rapidly increasing 
current, which is applied to the limits field of the Rototrol. 
The current in the limits field is in the direction to lower 
the excitation voltage. Should the control field be con- 
ducting current in the raise direction, the combined effect 
of the two fields is such that the excitation voltage is held 
constant at the limiting value. Time delay can be provided 
in the limiting circuit to enable full forcing of the condenser 
excitation during transient overloads. 


29. Electronic-Type Voltage Regulator 


Electronic-type voltage regulators are available in many 
different forms, a typical one being shown in Fig. 48. This 
particular regulator is used with the electronic main exciter 
in Fig. 23, but it can be modified for use with Rototrol 
excitation systems. 

A d-c voltage proportional to the average three-phase 
a-c generator voltage is obtained from a three-phase bridge- 
type rectifier, the output of which is applied to a voltage- 
adjusting rheostat and a modified Wein bridge-type filter. 
The bridge, comprising resistors R1, R2, R3 and R4, capac- 
itors C/ and C2 and potentiometers P2 and P3, filters the 
360-cycle ripple voltage in the d-c output of the rectifier. 
Thus, the output of the bridge circuit, which is the input 
to the regulator, is a smooth d-c voltage. The bridge-type 
filter provides a high degree of filtering without adding 
unduly long time constants to the regulator input circuit. 

The generator voltage regulator consists of two d-c 
amplifiers and a reference voltage. Regulation is obtained 
by comparing the rectified generator terminal voltage with 
the reference voltage. The first d-c amplifier is a high-gain 
voltage amplifier using a 5693 tube, which is an industrial- 
type tube with characteristics the same as a type 6SJ7 
tube. The output of the voltage amplifier is fed into a 
power amplifier using a 6V6GT tube. The high-gain volt- 
age stage gives the regulator its high degree of sensitivity 
and the power amplifier supplies the variable negative bias 
voltage for controlling the thyratron firing tubes in Fig. 23. 

A full-wave rectifier (5Y3GT tube) is used to supply the 
plate voltage of the 5693 tube. The rectified output of 
transformer TZ is fed into a two-section condenser input 
filter giving a smooth d-c voltage with polarities as indi- 
cated. The d-c reference voltage is obtained from the 
voltage drop across a type VR-105 voltage regulator tube 
connected in series with resistor R6 across the d-c power 
supply. The reference voltage is also a smooth d-c voltage 
that remains constant for wide variations of supply voltage. 

The rectified generator voltage is connected differentially 
with the reference voltage and applied to the grid circuit 
of the 5693 tube. This circuit can be traced from the grid 
of the tube through the grid resistor Rd to the negative side 
of the rectified generator voltage; from the positive side of 
the rectified generator voltage to the positive side of the 
reference voltage; and from the negative side of the refer- 
ence voltage to the cathode of the 5693 tube. The amplified 


voltage from the 5693 tube appears across the load resistor 


#7 with polarities as shown and this voltage drop is applied 
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to the grid of the 6V6GT tube. The grid circuit of the 
6V6GT tube can be traced from the grid through resistor 
R? to the cathode. The variable negative d-c voltage out- 
put of the regulator is obtained across the load resistor R9 
of the 6V6GT tube and applied to the grid circuits of the 
thyratron firing tubes in Fig. 23. 

Under balanced conditions when the a-c generator volt- 
age is equal to the regulated value, the grid of the 5693 
tube is established at a particular bias voltage depending 
on the magnitudes of the reference voltage and the rectified 
a-c voltage. This grid bias establishes the current in the 
5698 tube and the drop across 27, which in turn establishes 
the grid bias of the 6V6GT tube. Current in the 6V6GT 
tube is thus fixed, as is the drop across load resistor R9. 
The voltage output is constant as long as the a-c generator 
voltage is equal to the regulated value. 

Should the a-c generator voltage increase above the 
normal value, the differential connection of the rectified 
generator voltage and the reference voltage makes the grid 
bias of the 5693 tube more negative than previously, which 
reduces the current in the tube and in resistor R7. The 
lower voltage drop across #7 reduces the negative bias 
voltage on the grid of the 6V6GT tube and causes an 
increase in current through the tube and load resistor R9. 
Thus, the negative voltage output across terminals 24 and 
25 is increased. Reference to Fig. 24 shows that the in- 
crease in negative-bias voltage on the thyratron firing 
tubes causes an increase in the angle of grid delay, which 
reduces the main-exciter voltage. In a similar manner, low 
a-c voltage causes the grid bias of the 5693 tube to be less 
negative than previously, which causes a reduction in the 
voltage across terminals 24 and 25 and a consequent 
reduction in the thyratron firing tube angle of grid 
delay. 
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CHAPTER 8 


APPLICATION OF CAPACITORS TO POWER SYSTEMS 


Author: 
A. A. Johnson 


I. SHUNT CAPACITOR FUNDAMENTALS 


HE function of a shunt capacitor applied as a single 

| unit or in groups of units is to supply lagging kilovars 

to the system at the point where they are connected. 

A shunt capacitor has the same effect as an overexcited 

synchronous condenser, generator or motor. It supplies 

the kind of kilovars or current to counteract the out-of- 

phase component of current required by an induction 
motor as illustrated in Fig. 1. 
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Fig. 1—Shunt Capacitors supplying kvar required by an in- 
duction motor. 


Shunt capacitors applied on the load end of a circuit 
supplying a load of lagging power factor have several 
effects, one or more of which may be the reason for the 
application: 

1. Reduces lagging component of circuit current. 

2. Increases voltage level at the load. 

3. Improves voltage regulation if the capacitor units are 

properly switched. 

4. Reduces [°2 power loss in the system because of reduction 

in current. 

5. Reduces /?X kilovar loss in the system because of reduction 

in current. 

- Increases power factor of the source generators. 

- Decreases kva loading on the source generators and cir- 
cuits to relieve an overloaded condition or release capacity 
for additional load growth. 

8. By reducing kva load on the source generators additional 
kilowatt loading may be placed on the generators if tur- 
bine capacity is available. 

9. To reduce demand kva where power is purchased. Correc- 
tion to 100 percent power factor may be economical in 
Some cases, 

10. Reduces investment in system facilities per kilowatt of 

load supplied. 


“I> 


The shunt capacitor affects all electrical equipment and 
circuits on the source side of where they are installed. If 
the capacitor kvar is small, say ten percent of the circuit 
rating, it is usually sufficient to make an analysis on the 
circuit involved for the application. However, where the 
capacitor kvar is large, its effect on each part of the system 
back to and including the source should be considered. 

In determining the amount of shunt capacitor kvar re- 
quired, it must be recognized that a voltage rise increases 
the lagging kvar in the exciting currents of transformer 
and motors. Thus, to get the desired correction some addi- 
tional capacitor kvar may be required above that based on 
initial conditions without capacitors. If the load includes 
synchronous motors, it may be desirable, if possible, to 
increase the field currents to these motors. 

Shunt capacitors are applied in groups ranging from one 
capacitor unit of 15 kvar to large banks of these standard 
units totaling as much as 20 000 kvar. Many small banks 
of 45 kvar to 360 kva are installed on distribution circuits. 
Banks of 520 kvar to about 3000 kvar are common on 
distribution substations of moderate size. Larger banks of 
5000, 10 000 and 15 000 kvar are in service in a number of 
larger substations. Usual voltage ratings of capacitor 
banks start at 2400 volts and range upward for groups of 
capacitors connected in series for 46 kv. Consideration is 
being given to voltages up to and including 138 kv. This 
is feasible provided the bank is sufficiently large in kvar. 


1. History 


Shunt capacitors were first applied for power-factor 
correction about 1914. Their use, however, was limited 
during the next twenty years because of high cost per 
kvar, large size and weight. Pridt'to 1932 all capacitors 
employed oil as the dielectric. At about this time the in- 
troduction of chlorinated aromatic hydrocarbon im- 
pregnating compounds (askarels) and other advances in 
the capacitor construction brought about shatp teductions 
in size and weight. As shown by Fig. 2 the present weight 
per kvar is less than 5 pounds compared with over 20 
pounds in 1925. 

Before 1937 practically all capacitors were installed in- 
doors in industrial plants. Extensive utility use started 
after the appearance of outdoor units, which eliminated 
steel housings and other accessories. By 1939 capacitor 
costs had been reduced almost proportionately with weight 
and they had been proved in service. Starting in 1939 and 
continuing to the present, capacitor use has increased 
phenomenally year by year, as shown in Fig. 2. The 
acceptance of capacitors has been due to the following: 
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Fig. 2--Evaluation of the size and use of Shunt Capacitors. 


Reduction in selling price. 

Improved design and manufacturing methods resulting in 

small size and weight. 

3. Development of outdoor, pole-type units and standardized 
mounting brackets. 

4. Reduction in failures. 

5. Better understanding of system benefits that accrue from 
their use. 

6. By force of circumstances, during the war emergency of 

1939 to 1945, manufacturing facilities for capacitors were 

more available than other means of supplying kilovars. 

Also less critical material was required for capacitors than 

for other kvar generators. 


Fig. 3—Cut-away view of 25 kvar 2400 volt outdoor capacitor 
unit. 
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7. Due to the large volume of production during the war and 
since, the economics of using capacitors is favorable. 


2. Capacitor Failure Rates 


To evaluate the operation and economics of shunt 
capacitors, it is helpful to predict the number of unit 
failures that may occur. Not only do unit failures mean 
the loss of the units but also, under certain conditions a 
unit failure may damage other good units. Prediction of 
failures can be based on past experience, such as given in 
Curve A, Fig. 4. This curve gives cumulative unit failures 
per 1000 units in service regardless of how or where they 
are installed or how they are protected. Curve B repre- 
sents unit failures of small groups of capacitors distributed 
over a system without lightning protection and subject to 


CUMULATED UNIT 
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Fig. 4—Failure rate of shunt capacitors. 


A—Average of all types of installations. 
B—Average of unprotected, exposed installations. 
C—Average of well protected larger installations. 


other hazards. In view of the benefits a performance as 
given by Curve B has been considered economical and 
satisfactory. Curve C represents performance of large 
banks of capacitors where careful attention has been given 
to operating conditions and protective devices. For such 
performance each unit should be inspected and tested at 
the installation to weed out units damaged in transporta- 
tion. Individual capacitor fuses are also essential 
for best performance as discussed later under Capacitor 
fusing. 


3. Fundamental Effects 


To illustrate the effects of shunt capacitors, assume that 
a 100-kva circuit or piece of apparatus has to carry 100 kva 
at various power factors. By adding shunt capacitors at 
the load, the kva from the source is reduced materially. 
The lower the load power factor, the more effective the 
capacitors are. This situation is illustrated in Fig. 5. 
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Fig. 5—Fundamental effects of shunt capacitors on power 
circuits. 


Increasing the capacitors lessens the current carried by 
the supply circuit from the source (Fig. 5(D) ), up to the 
ultimate point at which capacitors supply all of the kilo- 
vats required by the load and the circuit supplies only the 
KMowatt component. I*or a constant load in the circuit, 
adding various amounts of capacitors allows the useful 
load to be increased. By adding 40 kva of capacitors to a 
100-kva load of 70 percent power factor, the load can be 
MCreased from 100 kva to about 124 kva, as Fig. 5(C) sug- 
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gests. (If the load should be 10000 kva at 70 percent 
power factor, then adding 4000 kvar of capacitors permits 
the kw to be increased from 7090 to 8700 without increas- 
ing the circuit loading above 10 000 kva. The load kva can 
thus be increased to 12 400 kva at 70 percent power factor.) 

Shunt capacitors can be viewed in two lights. Adding 
capacitors releases circuit capacity for more load, and 
adding capacitors relieves overloaded circuits. 

The capacitor kvar per kva of load increase, Fig. 5(E), is 
of particular interest, because multiplying this quantity by 
the cost per capacitor kvar, the product. is the average cost 
of supplying each additional kva of load. This cost, neglect- 
ing other advantages of the capacitor, can be compared 
with the cost per kva of increasing the transformer or 
supply circuit rating. Thus if the load power factor is 70 
percent and a capacitor kvar of 40 percent is added, the 
capacitor kvar per increase in kva of the load is 1.65. If 
capacitor cost is $7.00 per kvar, then the increase in 
ability to supply load is obtained at a cost of 1.65 times 
$7.00 or $11.55 per kva. The incremental cost of adding 
transformer capacity may be much greater per kva of 
increased capacity. 

The same data apply equally well to any equipment 
other than transformers in which current might constitute 
a limiting factor such as generators, cables, regulators, as 
well as transmission and distribution lines. 

In the example taken (Fig. 5) as the load through the 
transformer approaches unity power factor, smaller and 
smaller incremental gains in load are obtained for in- 
cremental increases in capacitor kvar. The incremental 
capacitor kvar required for an increment in kva of the load 
is Fig. 5(¥). Expressed mathematically, the ordinate in this 


CIRCUIT 


CAPACITOR 


100 
WO go 90% PF OF LOAD 
Da 1 
ze 
a 
S & 
XE 60 
earn 
Soz2 
pS 
ewe 
a & a 40 ! 
ew 
oS | 
fs re 
16 20 
ie] 
ie) 20 40 60 e0 100 
CAPAGITOR KVA IN PERCENT OF CIRCUIT KVA 
Fig. 6—Reduction in losses in the source circuit to shunt 


capacitors. 


236 


d (Cap. kvar) 
d (Increase in load kva)’ 
show that the final increment is attained at much greater 
expense than the initial increment. 

Capacitors applied to a given load reduce the /?R and 
I?X loss in the supply circuit in accordance with Fig. 6. 
For a 70 percent power factor load with 40 kvar of capaci- 
tors added for each 100 kva of circuit capacity, the 27 and 
I?X loss will be 59 percent of its former value. This loss in 
the particular circuit supplying the load can be calculated 
directly and may be a big factor, particularly if the circuit 
impedance is high. The resistance and reactance losses are 
also reduced in all circuits and transformers back to and 
including the source generators. 

To illustrate the effect of shunt capacitors applied to a 
large load, the curves in Fig. 7 are shown where it is as- 
sumed that the load bus voltage is maintained constant at 
4160 volts and the generator voltage varies with load. 
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Fig. 7—Effect of various amounts of shunt capacitors at full 
and half load on a practical system problem. 
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A 15 000-kva, 70 percent power factor load is supplied over 
15 miles of 33-kv circuit. Without shunt capacitors the 
generators must supply 19 900 kva at a power factor of (2 
percent, whereas with the use of 6000 kvar of capacitors the 
generator power factor is raised to 82 percent. The 6000 
capacitor kvar reduces the loading on the generator by 
5850 kva, which is almost equal to the capacitor kvar. The 
I?R loss in the circuit is reduced by about 800 kw (1900~ 
1100) and the [2X losses are reduced by about 1600 kvar 
(4000-2400). Curves are also shown for half load or 7500 
kva at 70 percent power factor. 

In the case cited, it is desirable to switch part or all of the 
capacitors off during light-load periods. The voltage and 
power factor at the generating end determine whether 
switching in steps should be applied. As Fig. 7 indicates 
the voltage at the generator would have to vary from 13.8 
kv at full load with 6000 kvar of capacitors to 12.1 kv at 
half load with 6000 kvar of capacitors, assuming a constant 
voltage of 4160 at the load. By providing 3 steps of 
capacitors and removing 4000 kvar from the system at 4 
load, the remaining 2000 kvar gives a voltage of 12.9 kv at 
the generator; removing all capacitors from service, a 


generator voltage of 13.4 kv is required for 4160 volts at the 
load. 


4. Voltage Drop 


The voltage drop in feeders or short lines can be ex- 
pressed approximately by the relation 


Voltage drop = RI,+ XI, (1) 


where F is the resistance, X the reactance, I, the power 
component of the current, and J, the reactive component 


Es Ep 


LOAD21.0 PER UNIT 


SHUNT CAPACITOR 
teh i 


OA- VOLTAGE AT LOAD —-ER 


O8— VOLTAGE AT SENDING END WITHOUT CAPACITOR~Es 
OG- VOLTAGE AT SENDING END WITH CAPACITOR—-Es 


(b) 


Fig. 8—Effect of shunt capacitors on voltage drop in source : 
circuit. ; 


as shown in Fig. 8. If a capacitor is placed in shunt across ; 
the end of the line, the drop immediately decreases or the ; 
voltage rises. The new voltage drop becomes approxi- ' 
mately: 

Voltage drop = RI,+ XI,—XI, (2) 


where J, is the current drawn by the capacitor. Thus if J. 
be made sufficiently large, both the RJ, and the XJ, drops } 
can be neutralized. This expression also shows that if the j 


Chapter 8 


PERCENT SHUNT CAPACITOR KVA 


WE 
Yee 
WA 


Application of Capacitors to Power Systems 237 


£571.05 ER, 


E, 71.10 ER 


BEER AD 
1 et 
a 


ST | 
|LOAD PF 
80% 


PERCENT CIRCUIT REACTANCE X 


PERCENT CIRCUIT REACTANCE X 


20 30 


0 
40 


PERCENT CIRCUIT REACTANCE X 


Fig. 9—Shunt Capacitors required for various power factor loads to give 0, 5 or 10 percent voltage drop in the source cir- 
cuit. All percent values are referred to full Joad kva as 100 percent base. 


voltage drop is compensated at full load with permanently 
connected capacitors, then at light loads 7, and I, become 
smaller and the line is over-compensated because J, is 
dependent only upon voltage and not upon load. Regula- 
fon of the line is practically unchanged by the capacitor 
because the capacitor effects an increase in voltage both at 
light load and at full load. At light loads the voltage rise 
might be so much in excess of normal as to represent an 
Undesirable or even intolerable condition; a solution is to 
provide manual or automatic switching to add or remove 
Stoups of capacitors as desired. 

The curves of Fig. 9 show the amount of shunt capacitor 
‘var required for loads of three power factors and for 0, 5 
and 10 percent voltage drop over the supply circuit. To 


illustrate their use, assume a 20-mile, 33-kv line of 2/0 cop- 
per conductors which steps down through a 10 000-kva, 7- 
percent reactance transformer to 13.8 kv. Assume the full 
load is 10 000 kva at 80 percent power factor. Also assume: 
line impedance 9.62+ 715.36 ohms or 0.0886+ 70.142 per 
unit on 10 000-kva base; transformer impedance 0.008+ 
j0.07 per unit; total impedance 0.096+ 70.212 per unit. 
Therefore, ratio R/X = 0908 = 0.45. Referring to Fig. 9 
for R/X ratio of 0.45 and a circuit reactance of 0.212 per 
unit, the shunt capacitor kvar required for a 10 percent 
voltage drop on the line is 0.54 per unit. In this case 1.0 
per unit is 10000 so 5400 kvar of shunt capacitors are 
necessary. These data and the capacitor kvar required 
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for 0 and 5 percent voltage drop are given in the following 
table. In addition, calculated losses in the circuit are given, 
as well as the power factors at the sending (Zs) and re- 
ceiving (#) ends of the circuit with the scleeted capacitor 
kvar in use. To give a more complete view of the use of 
Fig. 9 curves the shunt capacitor kvar required for 5000- 
kva 80-percent power factor load is included in Table 1. 


TABLE 1— DATA FOR 20 MILE 33 Kv Line With TRANSFOR- 
MATION TO 13.8 Kv Loap Bus 


Capacitors Zs, Percent 
At. the Load Circuit Power Factor At 
Voltage Loss 
Conditions |Per Unit) Kva Kw Eg Er 
10 000 Kva, 80% P.F. Load - 
Es=Ep 1.07 10,700 826 95.1 lead | 86.2 lead 
E£s=1.05 Fp) 0.81 8, 100 657 99.7 lead | 96.7 lead 
E5=1.10 Ep] 0.54 5,400 617 O75 lag 99.7 lag 
5000 Kva, 80% P.F. Load 
Eg =Ex 1.01 5,050 194 94.0 lead | 88.9 lead 
F3=1.05 Fx) 0.50 2,500 156 | 97.9 lag | 99.2 lag 
B=1.10£8 0.02 100 234 77.5 lag 81.0 lag 


For 5000 kva the circuit reactance is 0.106. The ratio 
R/X remains constant for all loads. Thus the capacitor 
kvar can be determined, for a given voltage drop in the 
circuit, for any part of full load by using the per unit 
reactance based on the partial load. 


5. Overvoltage on Capacitors 


Capacitors are designed for operation on circuits whose 
average voltage over a 24-hour period does not exceed the 
rated voltage by more than 5 percent. The variations 
above the average may go to 115 percent in the case of 230, 
460, and 575 volt capacitors, or 110 percent in the case of 
higher voltage units. For short periods of time, shunt 
capacitors can safely withstand higher voltages. For 
example, during the starting of large induction motors the 
voltage rating of capacitors applied in shunt with the 
motor may be as low as 67 percent of the voltage applied 
to the motor, which means that the voltage applied to the 
capacitor is 150 percent of its rating. The maximum 
momentary voltage, such as in welding applications, should 
not exceed 165 percent of the rated voltage. 


TABLE 2—STANDARD CAPACITOR RATINGS 


Indoor Type Outdoor Type 
Volts KVAR Phase Volts KVAR Phase 
230 5-714 1&3 230 1,2144,5,74] 1&3 
460 10 & 15 1&3 460 5, 10 & 15 1&3 
575 10 & 15 1&3 575 5,10 & 15 1&3 
2 400 15 & 25 1&3 2400 10, 15 & 25 1&3 
4 160 15 & 25 1&3 4160 10, 15 & 25 1&3 
4 800 15 & 25 1&3 4800 15 & 25 1&3 
7 200 15 & 25 1 7200 15 & 25 1 
7 960 15 & 25 i 7960 15 & 25 1 
12 470 |; 15 1 12470 13 1 
13 800 15 1 138800 15 1 


Note: 25 KVAR Units are only single phase 
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6. Standard Ratings and Tests on Capacitors 

Table 2 gives the standard ratings of capacitor units for 
indoor and outdoor types. Table 3 gives the standard 
ratings of indoor and outdoor housed capacitors. Table 4 
gives the factory test voltage which are applied to ca_aci- 
tors. 

The average operating loss for capacitors, in kw, is one- 
third of one percent of the kvar rating. Each capacitor has 
a built-in high resistance device which automatically dis- 
charges the capacitor for safety. The ambient temperature 


TABLE 3—STANDARD RATINGS FOR INDOOR AND OUTDOOR 
HOUSED CAPACITORS BANKS 
VOLTAGE AND KVAR RATINGS 
ae ea ee eee, 


4800-7200-7960 
230 V 460-575 V 2400-4160 V 12,470-13,800 Vo & 
15 30 30 600* 90 600* 
30 60 45 900* 180 900* 
45 90 60 = 1500* 360 1500* 
60 120 90 2100* 540 2100* . 
90 180 135 2700* 720 2700* 
185 270 180 3300* 1080 3300* 
180 360 270 =4200* 1260 4200* 
270 540 360 1440 5100* 
360 720 540 1800 
540 1080 720 2160 
630 1260 1080 2520 
1260 


*Using 25 KVAR Units 


TABLE 4— FACTORY TEST VOLTAGES ON CAPACITORS 
em 


Voltage Terminal-to- Terminal-to-Ground Test Voltage 
Rating of Terminal 
Capacitors} Test Voltage Indoor Outdoor 
230 500 3000 10 000 
460 1000 5000 10 000 
575 1200 5000 10 000 * 
2 400 5000 19 000 19000 
4 160 9000 19 000 19 000 ®: 
4 800 10 000 26 000 26 000 4 
7 200 15 000 26 000 26 000 S 
7 960 16 600 26 000 26 000 ‘ 
12 470 25 000 34 000 3+ 000 rz 
13 800 28 800 34 000 3+ 000 % 
Application period: 3600 cycles—25 or 60 cycles. i 


limit covering all capacitors is 40°C; for outdoor open 
mounted units it is 50°C and for housed units between 
40°C and 50°C depending on rack type. 


Il. CAPACITOR ON INDUSTRIAL PLANT 
CIRCUITS 


A capacitor can be installed in shunt with any load of 
low power factor to supply the magnetizing current required 
by the load. The load may be a single motor, or it may be #& 
a large industrial plant. The capacitor can be chosen to -—&& 
supply the magnetizing current under peak load conditions, ¥ 
or it can be chosen only large enough to supply the reactive 9 
kva hours accumulated over the month. It can be located j 
at the service entrance, thus removing magnetizing current | 
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from the utility system only; or units can be applied to the 
individual loads, thus removing magnetizing current from 
the plant circuit also, reducing their loss, and increasing 
their load capacity, and better maintaining voltage at the 
loads. 

The selection of the capacitor size, and its location is 
dependent on what is to be accomplished. This varies with 


Fig. 10—Enclosed indoor bank of 2400/4160 volt shunt capaci- 
tor units with protective screen removed. This is one step 
voltage control with a RCOC oil contactor. 


the power rates, and local conditions. An outdoor bank of 
capacitor units is shown in Fig. 10. 


7. Location of Capacitors 


Many factors influence the location of the capacitor such 
‘ts the circuits in the plant, the length of the circuits, the 
variation in load, the load factor, types of motors, distribu- 
hon of loads, constancy of load distribution. 

The capacitors can be locatedNn many ways as follows: 

(3) 
(b) 


Group correction—at primary of transformer. 

Group correction—at secondary of transformer. 

Group correction—out in a plant, as for example for one 
building. 

Localized correction on small feeders. 

Loealized correction on branch motor circuits. 

Localized correction direct on motors, or groups of motors 
and switched with the motor. 


8. Group Correction 


The two principal conditions under which group correc- 
ton is better are: , 
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, 1. Where loads shift radically as to feeders. 
2. Where motor voltages are low such as 230 volts, 


Hf the power flows from the service entrance to various 


‘widely-separated parts of the plant and if the loads shift 


about a great deal from one feeder to another, the correc- 
tion may be needed first in one part of the plant and later 
in another. A centrally-located group capacitor in this 
case would be an advantage since it would tend to be the 
same distance from the loads at all times. 

If a group capacitor remains connected during light 
loads the voltage rise is less if this capacitor is installed at 
or near the transformer bank since the reactance of the 
plant circuits does not contribute to voltage rise. In this 
case, application of capacitors to individual motor would 
represent a larger investment because of the diversity 
factor. It, therefore, would be better for the operator to 
switch off portions of the central capacitor to meet the 
varying load conditions. Exceptions will arise where 
feeders are long and where the gain from individual load 
application warrants the greater initial investment in 
capacitors. Because of the higher cost of low-voltage 
capacitors their application to 230-volt motor circuits may 
more than double their cost. This gives considerable ad- 
vantage to group installation if this can be on the primary 
side, 2400 to 7200 volts. Capacitors placed ahead of the 
main bank of transformers do not benefit the transformers; 
no transformer kva is released. Thus, use of the 230- 
volt capacitors on the feeders or near the motors is fre- 
quently warranted. 


9. Localized Correction 


Capacitors should be placed as near the load as possible 
or near the ends of feeders for three main reasons: 


1. Losses are reduced in the circuits between the loads and 
the metering point. 

2. Voltage is raised near the loads, giving better motor per- 
formance. 

3. Capacitor kvar can be reduced automatically as the load 
drops off by installing some of the capacitors direct on 
loads so they are switched off with the loads. 


The first point can be evaluated easily by investigating 
the length of the circuits, and the transformations, if any. 
Whatever gains are found in released transformer capacity 
and reduction in losses in transformers and circuits are 
added gains. 

The effect of the capacitor is to raise the voltage per- 
manently at any given point where it is connected. This 
voltage boost, superimposed on the normal voltage, is 
practically constant from no load to full load on the feeder. 


10. Rates and Capacitor 


For the purpose of analyzing the different types of rates 
a typical application can be considered, such as an in- 
dustrial plant with a day load averaging 960 kw and 67 
percent power factor, with peak loads running up to 1200 
kw and 75 percent power factor. It is obvious that a large 
magnetizing current is drawn from the line, and con- 
siderable savings can be made by supplying this magnetiz- 
ing current with capacitors. The size of the capacitor or 
the merits of their use can only be determined by systema- 
tic analysis. 
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One of the following conditions may exist. 


(a) 
(b) 
(c) 


(d) 


Power factor is not considered in the rates. 

Power factor is taken into account in demand charge. 
Power factor is checked by test and used to determine 
energy charge thereafter. 

Power factor is determined by the ratio of kw hours and 
rkva hours and is usecl in different ways to calculate the 
demand charge or energy charge or both. 


(a) If power factor is not taken into account in the rate 
structure, the capacitor can be used only to secure savings 
in the plant, such as to reduce current in circuits, reduce 
loads on transformers, and to reduce loads on customer- 
operated generators. The capacitor should usually be 
located near the loads of low power factor. The size can be 
determined by calculating the reactive kva. By using a 
capacitor large enough to supply all or part of this reactive 
kva, the current in the circuit is reduced to the desired 
figure. 

(b) If the rates include a kva demand charge, the kva can 
be reduced by raising the power factor during the demand 
peak. With a demand of 1200 kw at 75 percent power 


on = 1600 kva. 


factor the kva demand is F 


If the power factor is raised to 95 percent the demand kva 


1200 


1S aOR” 1260 kva. The size of the capacitor required to 


accomplish this is determined from the reactive kva at the 
tivo values of power factor as follows. 
Reactive kva at 75 percent power factor 
=-+/ 1600? — 1200? = 1060 
Reactive kva at 95 percent power factor 
= V/ 1260? — 1200? = 387 
Kvar rating of capacitor is 1060 minus 387 which equals 
673 kva. 
The reduction in the kva demand from 1600 to 1260 may 
result in either a reduced kva demand charge, or it may 
reduce the energy charge depending on the rate structure. 
Some rates involve several energy charges for successive 


blocks of power, the size of the blocks depending on the 
kva demand. For example: 


Size of block = (70) X (kva demand). 
ist block—5e per kw hour 

2nd block—114c per kw hour 

3rd block—le per kw hour 
Additional 34¢ per kw hour 


In this case the energy cost is reduced by a decrease in 
kva demand, because if the blocks are smaller, the lower 
rate applies to a larger proportion of the energy consumed. 

(c) Sometimes a check is made on the average power 
factor under day load conditions, and the billing there- 
after based on this check until some future check is made. 
The energy charge, or the net billing is adjusted up or down 
according to this power factor. In such cases it is neces- 
sary to determine how this check is to be made, and under 
what conditions, in order to install capacitors to raise the 
power factor as high as warranted by the expected savings. 
Such a capacitor usually is made proportional to day load 
requirements. In the case above, the day load averaged 
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960 kw at 67 percent power factor. Assuming this is to be 
brought up to 95 percent power factor, 720 kva of capaci- 
tors are required as follows: 

960 kw 


67 percent 


= 1430 kva 


Reactive kva at 67 percent power factor 


= V/ 14302 —960? = 1035 kvar 
( 
kva at 95 percent power factor= on = 1010 kva. 
95 


Reactive kva at 95 percent power factor 
=+/ 10102-9602 960? = 315. 


Capacitor required is 1035 minus 315 which equals 720 
kvar. 

(d) A method commonly encountered in industrial 
plants takes into account monthly power factor obtained 
by integrating kw hours and rkva hours. Assuming the 
plant mentioned above is billed for 322 250 kw hours, and 
that the reactive kva hours equals 346000. This ratio 
amounts to a power factor of 68 percent. 

Assuming that rates indicate that it will be worthwhile 
to reduce this rkva hours to a point corresponding to 95 
percent power factor. 


322 zal) 


kva hours at 95 percent power factor = =339 000 


Reactive kva hours at 95 percent power factor 
= 1/339 000?—322 250? = 106 000 


Using 730 hours per month the capacitor kvar required 


ese i oe or 319 where the kvar meter has 


no ratchet so that full credit results even if the power 
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Fig. 11—Self excitation of induction motor with various 
amounts of shunt capacitors when supply breaker is opened. 
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A—Capacitor current less than motor current at no load rated 3 


voltage. 

B—Capacitor current equal to motor current at no load and rated 
voltage. 

C—Capacitor current equal to 100 percent. 
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factor is leading at times. When the meter has a ratchet 
the capacitor must be large enough to build up accumu- 
Jated kvar-hours while the power factor 1s not leading. 

Detail analysis of the load and its variations at each 
plant, taking into consideration the type of rates, should 
ie made to obtain the greatest benefit from using capaci- 
tors. In some cases part of the capacitors may have to be 
switched off during light load periods to prevent excessive 
yoltage on plant circuits. 


{1, Capacitors on Induction Motor Terminals. 


Capacitors frequently are installed across the terminals 
of induction motors and switched with the motor. The 
amount of kvar so connected should be limited to values 
that do not cause excessive voltage at the motor due to self- 


TABLE 5— MAXIMUM CAPACITOR KvaR FoR USE WITH OPEN 
TYPE THREE PHASE 60 CYCLE INDUCTION MOTOR 


3600* 1800* 1200* 900* 720* 600* 
Motor] RPM RPM RPM RPM RPM PM 
Rating] —7—_ 
HP | Kvar| ** | Kvar) ** | Kvar! ** | Kvar| ** | Kvar! ** | Kvar| ** 
10 2.519 4 11] 4 12; 5 17| 5 23/ 7.5) 28 
15 2.5/9) 5 ll] 5 11; 7.5116} 7.5] 21) 10 26 
20 5 9) 5 10) 5 lL] 7.5) 15] 10 20} 12.5) 24 
25 5 9| 7.5] 9! 7.5110) 10 14/10 19) 15 22 
7 


30 .5) 9 | 10 9)10 § 10) 10 | 13) 12.5) 18) 15 21 


40 | 10 9 | 10 9} 10 10] 12.5) 12/15 16/17.5] 19 
50 | 12.5] 9 112.5) 8) 12.5) 9115 12 | 20 15} 22.5| 17 
60 [15 9 | 15 8) 15 9/17.5/ 11] 22.5] 14) 25 16 
75 | 17.5] 9 | 17.5) 8]17.5) 8] 20 11} 27.5) 13 | 30 15 
100 | 22.5] 9 | 22.5] 8)22.5| 8) 25 10 | 35 12/37.5}] 14 
125 | 25 9 | 27.5} 8)|27.5] 8) 30 9 | 40 11) 47.51 13 
150 | 32.5) 9 | 35 8 | 35 837.5] 9]47.5) 11] 55 13 
200 | 42.5; 9 [42.5] 8142.5] 8/45 9 | 60 10| 67.5] 12 


*Synchronons speed 
**Percent reduction in line current using capacitor KVAR shown 


excitation when the breaker is opened, as Fig. 11 shows. 
Table 5 gives the maximum recommended capacitor kvar 
for direct connection to the terminals of induction motors 
tuken from the 1947 National Electrical Code. 


III. CAPACITORS ON DISTRIBUTION 
CIRCUITS 


‘Shunt capacitors offer a convenient and practical means 
ol relieving lines and source equipment of wattless current. 
"hey can be installed in relatively small banks and placed 
newr the load points. They usually are arranged in three- 
Phase banks of 45 kvar or more and are distributed over 
the system at distribution voltage, usually 2400 volts and 
Np, in accordance with local requirements. A 180 kvar in- 
stallation is shown in Fig. 12. At present it is not econom- 
‘tal to apply capacitors on the secondary side of distribu- 
tion transformers because of the much greater cost. 
Where the transformers are expensive, such as network 
Units, secondary capacitors may be justified. 

he capacity of a distribution feeder can be limited by 
Current or by voltage drop. Where current is the limiting 

Actor, the effect of capacitors in reducing the current is 

pendent upon load power factor. If the power factor is 
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Fig. 12—180 kvar, group-fused, pole-mounted capacitor 
installation. 


low, a large reduction in feeder current or kva can be 
obtained as indicated by the curves in Fig. 5. If the load 
power factor is high, shunt capacitors cannot materially 
change feeder loading. Where voltage is the limiting fac- 
tor, the capacitor kvar to decrease voltage drop is de- 
pendent not only on load power factor but also on the 
ratio of resistance to reactance of the distribution feeder. 


12. Application Factors 


In applying shunt capacitors to distribution circuits, 

certain system data are required. 

1. Determine variation, preferably by graphic instru- 
ments, of kw and kva on each feeder for a typical 24- 
hour period at both minimum and maximum daily 
loads. Usually the minimum reactive kva determines 
the amount of fixed” ¢apacitors to apply without 
automatic control. This gives.about unity power 
factor at minimum load. In certain cases more fixed 
capacitor kvar can be applied where voltage condi- 
tions at light load permit and where leading power 
factor is not objectionable. 

2. Obtain actual voltage measurements on the feeder 
during full load and light load at a sufficient number 
of points to determine the “optimum location for 
capacitors. Fixed shunt capacitors raise the voltage 
level at the point where they are applied on a given 
circuit by practically a constant value as given by 
AJ, in Eq. 2. 


To calculate the voltage at various points on the 
feeder the circuit characteristics and the load dis- 
tribution must be known. Where the individual loads 
are not known, it is reasonable to assume they are 
proportional to the installed transformer capacity for 
minimum and maximum feeder load. To simplify 
calculations single-phase loads can be grouped to- 
gether to form balanced three-phase loads and ad- 
jacent three-phase loads can be grouped to simplify 
the calculations. 
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3. It is desirable to supply the kvar required by the load 
as close to the load as possible to reduce feeder 
losses. Therefore, capacitor units should be located 
at load centers or near the ends of feeders. Ideally 
each load point would have the exact amount of 
capacitor kvar to supply the necessary load kvar. 
This, however, is not possible because standard size 
units must be used. Also it is more economical to use 
the large size units, namely, 15 or 25 kvar. Over- 
compensation of feeder branch circuits with capaci- 
tors to obtain a higher voltage results in increased 
copper losses because at lower and lower leading 
power factors, the current increases. 

4. Calculate the released feeder capacity in kw and kva 
for the capacitor kvar installed. This may involve 
capacitors installed at several locations on a given 
feeder. Released substation, transmission, and gen- 
erator capacity is also immediately available. 

5. Calculate the reduction in kw losses and the reduc- 
tion in kvar losses in the feeder. The effect on all 
equipment back to and including the source genera- 
tor should also be evaluated when the total capacitor 
kvar become appreciable relative to the total source 
circuit or system reactive kva. 

6. Summarize the tangible effects namely, the released 
feeder capacity, the released capacity back to and 
including the source generator, the reduction in 
losses, the effect on voltage, etc. and evaluate the 
economics to determine whether or not capacitors are 
justified. Also compare the cost of capacitors with 
other ways of doing an acceptable job, such as con- 
struction of a new feeder, installation of voltage regu- 
lators, raising the distribution voltage, etc. 

From the above brief summary on applying shunt 
capacitors to distribution systems, it is evident that no 
fixed rules can be stated regarding the location of capaci- 
tors nor can the degree of importance of each of their 
effects be stated. Each case is different and requires a 
complete study in more detail than has been given in this 
general discussion. 


IV. LARGE CAPACITOR BANKS 


Shunt capacitors have been applied at substations and 
at the ends of primary feeders in banks ranging in size up 
to about 20 000 kvar. The usual large sizes are between 
§ 000 and 10 000 kvar. A capacitor bank can be switched 
all in one step, but general practice is to provide switching 
so that a large bank is connected to the system as needed 
in several equal steps. Three equal steps are quite common 
although more or less steps are used, depending on the 
voltage change per step and the variation in load. 

Several typical layouts for switching large capacitor 
banks are shown in Fig. 13. Fig. 13(a) is for one group of 
capacitors switched by one automatic circuit breaker. 
Fig. 13(b) shows four automatic breakers controlling four 
equal steps in a large capacitor bank. The circuit breakers 
must be capable of handling short circuit currents. Figure 
13(¢) shows three equal steps where one automatic breaker 
supplies the entire bank and trips for short circuits in any 
one of the three groups of capacitors. Two non-automatic 
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Fig. 13—Schematic arrangements for switching large ca- 
pacitor banks. 
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breakers are provided for controlling two steps, the third 
step being controlled by the main breaker. Figure 13(d) 
is a scheme in which three groups of capacitors properly 
proportioned provide seven oe steps. Switch 1 gives 
1/; of the total; switch 2 gives */7; switches | and 2 give 3/1, 

and so on for all three switches giving the full capacity of 
the bank. The disadvantage to this scheme is that during 
the switching process, large changes of capacitor kvar are 
made to get from one kvar to another. The worst condition 
is changing from */7 to*/; of the total kvar where switches 
1 and 2 must be opened, thus, disconnecting all capacitors 
before closing switch 3, or switch 3 must be closed putting 
all of the capacitors in service before switches 1 and 2 are 
opened. If the voltage change during these changes can be 
tolerated, then seven steps in capacitor kvar can be ob- 
tained with three circuit breakers. Figure 13(e) is another 
scheme where one automatic circuit breaker supplies a 
number of non-automatic breakers which control equal 
amounts of capacitor kvar. Each non-automatic breaker 
has a high-capacity fuse that will clear a faulted capacitor 
group ahead of tripping the main supply breaker. There 
are many combinations of the use of automatic breakers, 
non-automatic breakers and high-capacity fuses for capacl- 
tor banks that can be applied, depending upon the operat- 
ing requirements and economics. 


13. High Voltage Banks 


Supplying kilovars direct to high-voltage circuits is often 
desirable to meet certain system requirements even though i 
a greater portion of the system is benefited by placing the 
capacitor nearer the load and on lower voltages. For many | 
years, transformers were used to step down the voltage to 

the range of the capacitor unit ratings. A few years ag 
the practice of connecting low-voltage capacitors in series! 
parallel groups and directly to the high-voltage line was: 
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established because they are more economical than the use 
of high-voltage capacitors or transformers and low-voltage 
units. One of the first such installation consisted of six 
eroups of 2400-volt outdoor capacitor units operating in 
series on the phase to neutral voltage of a 24-kv circuit. 
Each group of 2400-volt units consisted of 10-15-kvar 


LINE 


UNIT 
| 2 o.<: Mi 
FUSE 
GROUP ! g 
2 3. 
GROUP 2 


ieee sail bs 
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GROUP X 


NEUTRAL 


Vig. 14—Connection for fused capacitor units for one phase 
of a three phase bank. Symbols apply to Eqs. (3) to (11). 

X—wNumber of capacitor groups in series. 
M—Normal number of capacitor units per group 
N—Number of units out of one group. 

é, —Actual voltage across group 1. 

@,— Rated voltage across group 1. 

e, —Normal system voltage to neutral. 


units in parallel, and these 150 kvar groups were supported 
on insulators to take care of the line to ground voltage. 
Wienre Lt shows how capacitor units are assembled for one 
pliase of a bank. 

Initially, operation of capacitor units in series was looked 
Upon as risky due to the ever-present possibility of sub- 
jecting capacitors to overvoltage as a result of changes in 
voltage distribution either due to a change in impedance of 
portions of the phase leg or due to grounds at some point 
on the assembly. Most of these risks are minimized or 
entirely eliminated, however, when proper thought is given 
'o such factors as fusing, number of units in parallel, 
Couneetion of one bushing of capacitor to the insulated 
platform on which it rests and means of detecting un- 
balance conditions before the unbalance becomes exces- 
Sve. Hach capacitor unit in a high-voltage bank should 
be provided with a fuse of the indicating type. These fuses 
heed not be of high interrupting capacity because there 
“re always two or more capacitor groups in series, and, 
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when a unit becomes short circuited for any reason, the 
current through the fuse is limited. With individual fuses 
a faulty unit can be located without resorting to the risky 
procedure of searching for the source of noise or arcing, 
or making inconvenient tests. It is also easy to make a 
check and determine if all units in the bank are operating 
properly. The fuses can be omitted but at a sacrifice in the 
protection to the capacitor bank. 

The number of units in parallel in a single group is im- 
portant. Several things affect this. First the number should 
be sufficiently large to insure that the fuse on a single unit 
blows when the unit becomes short circuited and the fuse 
is called upon to carry the total phase current. Second, 
the voltage on the remaining units in a group should not 
become excessive with the operation of one fuse in a group. 
Tf the number of parallel units is too small, the current 
through the fuse may be so low that it will not blow, or 
take too long in doing so. An arc of 50 amperes inside a 
capacitor unit may rupture its case if allowed to continue 
for a long time and such a rupture may endanger other 
units in the bank. After considering the size of fuses that 
must be used to avoid operation on switching transients, 
and taking into account the arc energy required to rupture 
the capacitor case, it has been established that the current 
through the fuse when a unit becomes shorted should 


Fig. 15—6000 kvar 34.5 kv outdoor capacitor bank with bus- 
mounted fuses. 


never be less than 10 times the normal capacitor current 
through the fuse. 

It is also desirable to avoid voltages in excess of 110 per- 
cent on the remaining units in a group following the opera- 
tion of one fuse. This assumes that in the case of the 
minimum size bank not more than one fuse operation is 
permitted. To accomplish this, periodic checks are 
necessary. 

The amount of current that flows through a fuse when a 
unit is shorted is also affected by the number of series 
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groups and whether or not the neutral of the capacitor 
bank is grounded. 

Tables 6 and 7 show the recommended minimum num- 
ber of fused capacitor units that should be used in parallel 
for a given number of groups in series in each phase leg, for 
ungrounded or grounded-wye connections respectively 


TABLE 6—UNGROUNDED WYE CAPACITOR CURRENT AND 
VOLTAGE RELATIONSHIPS WITH SHORTING AND REMOVAL 
OF ONE UNIT IN ONE PHASE LEG 


Current Voltage on 
Number Minimum During Fault Remaining 
Groups Units per Through Fuse Units in Group 
Series Group Times Normal Percent 
1 4 12.0 109 
2 8 12.0 109 
3 9 11.6 109.5 
4 9 10.8 110 
5 10 11.5 110 
6 10 11.2 110 
7 10 11.0 110 
8 10 10.9 110 
9 1l 11.9 Less than 110 
10 ll 11.8 Less than 110 
il ll 11.7 Less than 110 
12 ll 11.6 Less than 110 
13 11 11.6 Less than 110 
14 11 11.5 Less than 110 
15 11 11.5 Less than 110 
16 11 11.5 Less than 110 


TABLE 7—GROUNDED WYE CURRENT AND VOLTAGE RELA- 
TIONSHIPS WITH SHORTING AND REMOVAL OF ONE UNIT 
IN ONE PHASE LEG 


Current Voltage on 
Number Minimum During Fault Remaining 
Groups Units per Through Fuse Units in Group 
Series Group Times Normal Percent 
1 1 Line Fault 
6 12 109 
3 8 12 109 
4 9 12 109 
5 9 11.2 109.8 
6 9 10.8 110.0 
7 10 11.7 109.4 
8 10 11.4 119.5 
9 10 11.2 Less than 110 
10 10 11.1 Less than 110 
ll 10 11.0 Less than 110 
12 10 10.9 Less than 110 
13 10 10.8 Less than 110 
14 il 11.8 Less than 110 
15 il 11.8 Less than 110 
16 1l 11.7 Less than 110 


based on meeting the previously discussed requirements. 
All capacitor units are assumed to be the same voltage 
and kvar rating. 

Very often large banks contain many more than the 
minimum number of units in parallel. When this is the 
case, more than one fuse can operate and still not seriously 
raise the voltage across remaining units. In such cases 


UMBER OF GROUP 
IN SERIES 


% OVER VOLTAGE ON REMAINING UNITS IN GROUPS 


4 8 \2 16 20 24 
PERCENT UNITS REMOVED FROM GROUP 


Fig. 16—Ungrounded wye connected shunt capacitor bank, 
Curves give the percent overvoltage across the remaining 
units in a group. 


periodic checks of fuses are necessary to avoid abuse of 
good capacitors as result of a faulty one. The voltage 
across the remaining capacitors can be determined from 
Tables 6 and 7, the curves of Figs. 16 and 17 or calculated 
from the equations given below. For all equations the ; 
system impedance up to the capacitor bank was neglected. * 

Refer to Fig. 14 for identification of symbols in the fol- 
lowing equations. The equations simplify quickly; all units 
have the same voltage rating. 
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Fig. 17—Grounded wye-connected shunt capacitor bank. J 
Curves give the percent overvoltage across the remaining § 


units in a group. 


Chapter 8 


14. Ungrounded Neutral Capacitor Bank 
Normal voltage across group 1 is 
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With NV; units removed froin group 1, the voltage e1 across 
the remaining units is 
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With N, units removed from group 1 the voltage shift of 
the neutral of the capacitor bank eno 1s 
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The current through the fuse for a completely short-cir- 
cuited capacitor unit in group 1 in times normal operating 
current is 
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15. Grounded—Neutral Capacitor Bank 
Normal voltage e: across group 1 is same as for un- 
grounded neutral bank as given in Eq. (8). 


With N, units removed from group 1 the voltage a across 
the remaining units is 


(ax an) 
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The current through the fuse of a completely short-cir- 
cuited capacitor unit in group 1 in times normal operating 
current for a grounded-neutral capacitor is 
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16. Two Identical Capacitor Banks with Neutrals 
Solidly Tied Together and Ungrounded 


The normal voltage across any group of capacitors in an 
installation consisting of two similar groups with the 
neutrals tied solidly together and ungrounded is e; as given 
by Eq. (3) for any bank. With N, units out of group 1 in 
one bank the voltage across the remaining unitsin group 1 is 
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The current in the fuse of a completely short-circuited 
capacitor unit in group 1 of one bank of two similar banks 
with the neutrals solidly connected and ungrounded in 
terms of normal current in one capacitor unit is 
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The current in the neutral connection between two sim- 
ilar banks of capacitors, with N units out of group 1 in 
one bank, in terms of the normal current through one 
capacitor is 
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17. Protection of Large Banks of Shunt Capacitors 


The usual types of protection for large capacitor banks 
are: 


. Individual capacitor fuses. 

. Capacitor group (or bank) fuses. 

. Overcurrent relays or trip coils to trip a bank circuit 

breaker. 

4. Potential transformers connected across each phase or each 
series group per phase of ungrounded wye banks to trip the 
bank circuit breaker on phase or group voltage unbalance. 
This scheme can be used for delta or wye grounded-neutral 
banks that have two or more groups in series. 

5. Potential or current transformers connected between the 
neutrals of two or more wye ungrounded banks to detect 
unbalance in one bank and operate a relay to trip a single 
breaker through which all banks, in the protective scheme, 
are supplied. 

6. Potential transformer placed b between the neutral and 

ground of a wye ungrounded bank connected to a grounded 

system to operate a relay and trip the bank breaker on a 

shift in the neutral voltage. 


wnre 


Large capacitor banks can be connected in wye un- 
grounded, wye grounded or delta. However, the wye un- 
grounded connection is preferable from a protection stand- 
point. Individual single-phase 15- and 25-kvar capacitor 
units are protected usually by a fuse whether installed in 
an outdoor or indoor bank for any type of capacitor con- 
nection. For the wye ungrounded system of connecting 
single capacitor units in parallel across phase-to-neutral 
voltage the fault current through any fuse is limited by 
the capacitors in the two sound phases. In addition the 
ground path for harmonic currents is not present for the 
ungrounded bank. For wye grounded or delta-connected 
banks, however, the fault current can reach the full short- 
circuit value from the system because the sound phases 
cannot limit the current. Thus, with the wye ungrounded 
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connection smaller fuses and less material are needed for 
protecting the capacitors. With two or more groups of 
capacitors in series per phase, the short-circuit current is 
limited by the capacitors in the unfaulted group. The 
capacitor bank should have a protective device to dis- 
connect the bank from the system if individual units be- 
come defective thereby causing a bad unbalance of capaci- 
tor kvar among the three phases. 

Two protective schemes for wye connected ungrounded 
banks for all voltage classes are shown in Fig. 18. The 
scheme shown in Fig. 18(a) is preferred because the poten- 
tial transformers serve the dual purpose of protecting 
against unbalanced capacitor kvar per phase leg as well as 
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Fig. 18—Two protective schemes for large banks of un- 
grounded wye-connected capacitors. 


(a) Residual voltage trip in event of unbalance among the three 
phases due to failure of capacitor units. 

(b) Residual voltage trip in event of unbalance between the two 
3-phase groups of capacitors. Current fiow between the two 
groups can also be used for protection. 
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fer 


FUSES 


Fig. 19--Delta-connected, fused capacitor units usually used 
at 2400 volts or less. 


providing a discharge path to dissipate quickly charges 
left on capacitor units when the supply is disconnected. A 
current or potential transformer connected between the 
neutral points of two equal parts of a group of capacitors 
provides protection for unbalanced kvar per phase as 
shown in Fig. 18(b). In addition, however, two potential 
transformers connected in open delta should be used on 
automatically controlled banks across the supply leads 
to the group to provide a fast discharge path when the 
capacitors are de-energized. One of the potential trans- 
formers can also be used for an indicating lamp to show 
when the group is energized. 

A delta-connected bank of capacitors, Fig. 19, usually 
applies to voltage classes of 2400 volts or less. Individual 
capacitor fuses are provided for each unit. If the bank is 
controlled automatically, potential transformers should be 
applied across each phase leg to provide fast discharge 
when the group is de-energized. The individual capacitor 
units have a very high resistance provided across the termi- 
nals inside the case to discharge the capacitors in five min- 
utes after being disconnected from the source. This time 
of five minutes is considered to be too long for banks 
that are controlled automatically because when the group 
is switched on again before the charge is dissipated high 
transient switching currents result. In special cases such 
as for indoor capacitor banks, it can be compulsory that 
potential transformers be applied for rapid dissipation of 
charges remaining on capacitor units. 


18. Capacitor Fusing 


General— ach capacitor unit contains a large area of 
insulation and the probability of unit failures must - be 
recognized even though the record is good, as shown in 
Fig. 4. When the number of units in a single installatiop 
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Fig. 20—Capacitor fault current and its relation to case 
rupture, 


Curve A—Where fault currents are cleared in a time to the left of 
this curve the case is not likely to rupture. 

Curve B—Where fault currents are on for a time to the right of this 
curve the case is likely to rupture with sufficient force to damage 
other units. 

Area AB—Fault currents in this area may open case seams. This 
area may be used for fuse selectivity with reasonable safety. 


's large the probability of a unit failure of insulation is 
steater. The removal of faulted units is important for 
the protection of the remaining good units. 

About sixty-five percent of existing capacitor kvar on 
utility systems are “pole type” and usually total about 180 
kvar per installation. These are usually on circuits where 
the fault currents are moderate and group fusing has been 
Satisfactory. When a capacitor unit becomes shorted, it 
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usually does not result in case rupture or damage to other 
units. 

Large capacitor banks are generally on circuits capable 
of producing high fault current, and additional problems 
are created due to the close association of large numbers 
of capacitor units. 

The ability of a short-circuited capacitor to pass current 
is limited by the current-carrying capacity of the thin 
aluminum foil that forms the electrode surfaces. If these 
foils are allowed to carry heavy fault current, the foil 
may act as its own fuse. This has considerable bearing 
on the fusing problem because a fault within a capacitor 
can melt the foil rather easily and the fault tends to clear 
and sometimes restrike. The presence of other capacitors 
in parallel with and discharging into the shorted capacitor 
increases the tendency to melt the fault clear. Under cer- 
tain conditions the arc restrikes each half cycle, thus al- 
lowing the adjacent capacitors to be repetitively charged 
and discharged. Vhis may damage the current-carrying 
connections of some adjacent units and cause simultaneous 
or later failure. The current a capacitor unit can pass 
before case rupture is likely to occur is shown in Fig. 20. 
If the fault current in a capacitor is limited to a few hun- 
dred amperes, the pressure builds up slowly and many 
cycles of current flow may be endured before case rupture 
takes place. When the current exceeds about 3000 am- 
peres a rupture results in mechanical damage to adjacent 
units and often in short-circuited bus connections; the 
greater the short-circuit current the more violent the case 
rupture. 

If the arc in a capacitor unit is allowed to persist until 
the case is ruptured, other units and parts in the bank may 
be damaged either mechanically or by consequent arcs. 
It is, therefore, desirable to provide adequate protection 
against short-circuited capacitor units. The function of 
this protection is: 


(a) To protect the circuit and capacitor bank so as to mini- 
mize the chance of an outage. 

(b) To protect other capacitors in the bank against electrical 
damage due to current transients. 

(c) To protect the other units in the bank from mechanical 
damage due to a unit case rupture. 

(d) To minimize the hazard to the operators and maintenance 
personnel. 


Protection Inherent in Breakers—Breakers with 
overload protection, and adequate interrupting rating pro- 
tect the circuit, but usually do not protect the capacitors 
against damage in case of a short-circuited unit, unless 
supplemented by individual capacitor fuses, or relay means 
to trip the breaker as a result of current or voltage un- 
balance. Use of breakers alone, however, does not remove 
the hazard associated with a bank where unit fault cur- 
rents are high. 

A breaker should be considered primarily as a switching 
device and circuit protective device, and not as protection 
against high fault current within an individual capacitor 
unit. It may, however, be considered as back-up protec- 
tion in case the individual unit protection or other pro- 
tection fails. 

Group Fusing—A short-circuited capacitor is in re- 
ality a conducting path having time-melting character- 


248 


istics, which has a bearing on the maximum size of the 
group fuse. The size of the group fuse is also determined 
by the normal current of the bank and harmonic currents. 

In general, the following rules are recommended for 

group fusing: 

(a) It is preferable not to apply group fuses greater than 85 
amperes in rating (on a 100 per cent rating basis.) 

(b) The circuit is protected adequately by group fuses if they 
have sufficient interrupting capacity. 

(c) To minimize the danger of mechanical damage, group 
fuses should be supplemented with individual fuses when 
the unit fault current is expected to exceed 3000 amperes, 
even though the group fuse interrupting rating is ade- 
quate for the expected fault current. 


Large banks of capacitors have been installed with de- 
pendence placed solely on group fuses or breakers. Where 
fault currents are high, the failure of one unit is likely to 
damage other units in the bank, thereby multiplying the 
damage considerably. Other units may also fail at a later 
date when the reasons are not immediately apparent. 

Some of these large capacitor banks without individual 
fuses are wye connected with the neutral ungrounded, or 
are made up of series groups, so that the problem of high 
fault currents does not exist. Unbalance in these cases is 
detected by voltage transformer and relay schemes so as 
to trip the breaker under abnormal conditions such as 
might occur if a unit becomes short-circuited. The objec- 
tion to this arrangement is that it is difficult to identify a 
defective unit and there is the possibility of electrical 
damage to parallel units before the breaker de-energizes 
the bank. Individual capacitor fuses give indication of a 
blown fuse and give electrical as well as mechanical pro- 
tection to parallel units. 

Individual Fuse—The individual fuse rating is de- 
pendent upon the normal current rating of the capacitor 
unit, harmonic currents and the number of times in rapid 
succession a fuse must carry discharge current from a good 
capacitor unit to a defective unit. To provide for the later 
requirement, the current rating of the fuse is usually at 
least twice the current rating of the capacitor. 

Individual fuses are used primarily to remove units 
following failure of the dielectric. Since only one fuse is 
used with each unit, this fuse is not expected to clear for 
ground faults within the unit. Relaying should be pro- 
vided where possible to detect ground faults even though 
their occurrence is very rare. 

Individual capacitor fuses should be used, particularly 
in large banks, so that a faulted unit is disconnected 
promptly from the circuit for a number of reasons: 


(a) Their current rating is small and coordinated with the 
time-current characteristics of the capacitor. 

(b) They indicate the defective unit. 

(c) They reduce to a minimum the chance of unit case rup- 
ture and subsequent mechanical damage. 

(d) They remove a short-circuited unit before the inside foil 
material is fused to the point where repetitive clearing 
creates high transient current in adjacent units. 

(e) They protect units against transient currents set up by 
parallel arcs in the bank such as bus flashovers, roof bush- 
ing flashovers, or failures in potheads or accessories, or 
arcs in short-circuited units in the bank. 
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(f) They permit uninterrupted use of the capacitor bank since 
a faulty unit need not take the bank out of service. 

Table 7 shows there is a minimum number of capacitor 
units required in parallel per group to give sufficient cur- 
rent for positive operation of an individual fuse on a failed 
unit. Likewise there is a maximum safe number of indi- 
vidually fused capacitors that can be placed in parallel 
per group because if a unit fails all other parallel units dis- 
charge their stored energy, at high current, through one 
fuse to the fault. If too many units are in parallel per 
group, the current is high enough to cause mechanical 
rupture of the fuse with the possibility of damage to other 
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AVAILABLE CURRENT IN AMPERES 
Fig. 21—Typical type BAC capacitor fuse characteristics for 
use with housed units where the fault current is less than 
15 000 amperes from the system. 
Fuse A—4160 volt delta connected 15 kvar units. 
4160 volt ungrounded wye 15 kvar units. 
7200 and 7960 volt ungrounded wye 15 kvar units. 
Fuse B—2400 volt delta connected 15 kvar units. 
: 2400 volt grounded wye 15 kvar units. 
4160 volt delta connected 25 kvar units. 
2775 volt ungrounded wye 15 kvar units. 
4160 volt ungrounded wye 25 kvar units. 
7200 and 7960 v. ungrounded wye 25 kvar units. 
Fuse C—2775 volt ungrounded wye connected 25 kvar units. 
Fuse D—2400 volt. delta connected 25 kvar units. 
2400 volt grounded wye-connected 25 kvar units. 
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Fig. 22—Typical type CLC current limiting fuse characteris- 
tics for use where the fault current is high or in excess of 
15 000 amperes from the system. 

Fuse E—2400 volt delta connected 15 kvar units. 
2400 volt grounded wye 15 kvar units. 

Fuse F—2400 volt delta connected 25 kvar units. 
2400 volt grounded wye 25 kvar units. 


units. Therefore, on large banks of capacitors, when the 
number of units in parallel per group exceeds two or three 
times the minimum required number, special considera- 
tion should be given to the application particularly with 
regard to arrangement. Where such limitations are in- 
volved, the bank can be divided into two or more parts 
where there are two or more groups in series. Lower 
Voltage units with a fewer number in parallel per group 
With more groups in series may be a solution also. 
Individual Fuse Characteristics 


(a) Housed Banks—2400- and 4160-volt delta-connected 
and 2400-volt wye-connected grounded-neutral. 


Housed banks usually contain indoor-type individual 
umt fuses. Where the fault current is less than 15 000 
amperes type BAC fuses are used, the characteristics of 
Which are shown in Fig. 21. Actually the discharge cur- 
Tent from the good capacitor units operating in parallel 
with the faulted unit supplies a considerable portion of the 
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energy to blow the fuse on the faulted unit. If it were not 
for the current from the parallel units the system short- 
circuit current would have to be limited to about 3000 
amperes to prevent rupture of the capacitor case. The 
discharge current from the parallel capacitors is high in 
magnitude as shown in Fig. 28 and reaches half value in 


_-about 0.02 second or less. 


Where the fault current exceeds 15 000 amperes from 
the system, individual capacitor current limiting fuses 
(CLC) are used, the characteristics of which ure shown on 
Fig. 22. 


(b) Housed Banks (Ungrounded Wye) 


Housed banks for circuit voltages of 4800 volts and 
above are usually wye connected with the capacitor neutral 
ungrounded, whether or not the source neutral is grounded. 
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Fig. 23—Typical UT fuse characteristics used on ungrounded 
wye-connected outdoor capacitor banks. 


Fuse G—4160 volt 15 kvar units 
7200 volt 15 kvar units. 
Fuse H—2775 volt 15 kvar units. 
4160 volt 25 kvar units. 
7200 volt 25 kvar units. 
Fuse I—2775 volt 25 kvar units. 
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This arrangement limits fault current and the type BAC 
fuses are used, the characteristics of which are shown on 
Fig. 21. 


(c) Outdoor Structural Type Banks (Delta or Grounded 
Wye) 


Where the fault current is likely to be high as for a delta 
connected or grounded wye, outdoor bank current limiting 
individual fuses (CLC) are desirable. This applies to 
delta connected 2400 volt banks, wye connected 2400 volt 
and delta connected 4160 volt banks of capacitors. The 
characteristics of the fuses are the same as for similar 
indoor banks as shown on Fig. 22. 


(d) Outdoor Structural Type Banks (Ungrounded Wye) 


Outdoor structural type banks for voltages of 4800 volts 
and above are usually wye connected with the neutral of 
the capacitor ungrounded, whether or not the source 
neutral is grounded. This arrangement limits fault current 
and permits fuses of lower interrupting rating. The charac- 
teristics for these fuses are given on Fig. 23. 


19. Automatic Control for Capacitor Banks 


The intelligence required to switch banks of shunt 
capacitors automatically depends upon the reason for 
their use. If they are used primarily to control voltage, 
then the capacitors can be switched on when the voltage 
is low or off when the voltage is high, and a voltage relay 
supplies the control. If the system voltage is regulated 
by other means and the capacitors are used for power- 
factor correction, then the load kvar or total current must 
be used as the means for control. 

It is always desirable to use the simplest type of control 
that will accomplish the desired result. Current control 
is commonly used where the voltage is regulated by other 
means and the power factor is practically constant through 
wide variations in load. Kvar control is used where the 
load power factor varies over a wide range as the load 
changes. 

Whether the control is accomplished by voltage, cur- 
rent, or kvar, the control systems are similar. In addition 
to the master control relay, other devices are required in 
the control scheme such as time-delay relays, control 
switches, etc. For one-step automatic control the master 
relay energizes the “‘closing’” element of a time-delay relay, 
and if the master-relay contacts stay closed for the time 
required for the time-delay relay contacts to make, then 
the operating circuit is energized and the capacitor breaker 
closes. 

A similar process in reverse trips the capacitor breaker. 
For a tiwo-step control the sequence is the same as for 
one-step control except that auxiliary contacts on the No. 
1 breaker set up the circuits for the control of the second 
step. If the No. 1 breaker is closed, the circuit is set up 
to either trip No. 1 or to close No. 2. The sequence of 
operation is the same in all cases, that is, No. 1 breaker 
always closes first and trips last. 

For more than two-step control, each additional break- 
er, by means of auxiliary contacts, sets up the control cir- 
cuits for the next operation whether it be to add or re- 
move capacitor kvar. The control circuits become numer- 
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ous and involved, but their operation is accurate, reliable, 
and thoroughly proved by many applications. 

Where the need for capacitor kvar follows a fixed 
schedule, the capacitors can be switched by a time relay 
that initiates on or off at predetermined times. 


20. Inrush Current 


When the first step of a capacitor bank is energized, it jg 
possible for a large instantaneous current from the system 
to flow. Curves in Fig. 24 show for several line-to-ling 
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Fig. 24—Inrush current from system when energizing capaci- 
tor bank. 


20,000 


voltages the maximum rms inrush current for different . 
system short-circuit currents available at the capacitor 
terminals. This current can be calculated using the fol- 


lowing formula: 
Exua ve 
Se. |, : 
: X.—X -[ ze «| 


Where Ex¢ is line-to-ground operating voltage on the> 
capacitor bank. } 
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X. is the capacitive reactance in ohms of one 
phase to neutral of the capacitor bank. 

X 1 is the inductive reactance in ohms per phase 
of the source. 

The above formula applies to delta-connected capacitor 
hanks if X, is determined as the reactance of the equivalent 
linc-to-neutral capacitor kvar. The current values are 
for the first step of a bank. If one or more steps in the 
capacitor bank are already energized, then the maximum 
peak current that flows into the next capacitor group to be 
energized is determined largely by the momentary dis- 
charge from those capacitor units already in service. 

The breaker controlling the last step in a bank of capaci- 
tors 1s the one that is subjected to maximum peak current 
when this step is energized. The peak currents if no charge 
is on the step being energized, can be determined approxi- 
mately by using the following equation: 


Ipeak = (1.2) (4/2) (Ex/6) 


If the step being energized is fully charged, the peak 
inrush current can be about twice this value. H iy is rms 
line-to-neutral voltage applied to the capacitors. C is the 
total capacitance per phase of the capacitors already ener- 
vized combined with the capacitance of the step being 
energized. For a three step bank with two steps energized 
und with the third step being energized then 
a 

1 1 
a ae 
Ci+C, C3 
For delta-connected banks the equivalent single-phase-to- 
ground capacitor kvar must be used as though the bank 
was wye connected. Z is the inductance between the step 


(13) 


C= 
(14) 
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being energized and that portion of the bank already 
energized. This value of x is difficult to determine ac- 
curately, but, due to inductance in the capacitor leads and 
bus structure, the estimated L is usually a low value rather 
than a high one, thus giving a current that is too high and, 
therefore, on the safe side. The 1.2 factor is applied to 
account for some feed in from the system and also possible 
current unbalance due to unequal pole operation of the 
breaker. 

The inrush current and frequency when a bank of 
capacitors is energized in parallel with one or more 
existing banks is given in Fig. 25. To illustrate its use 
assume a 13.8-kv, three-step capacitor installation con- 
sisting of three 2520-kvar banks, two being energized and 
the third step to be energized. The percent capacitive 
reactance for each step on 2520 kvar is 100. The two 
capacitor steps already energized in parallel are 50 per- 
cent on 2520 kva. These two steps in series with the one 
step to be energized are 150 percent. So the X, for use 
with Fig. 25 is 150 percent. Now assume that each capaci- 
tor step has a series inductive reactance of 0.0076 ohm in 
all of its leads between the capacitor units and a common 
point on the bus which is 0.01 percent expressed on 2520 
kvar. Two such units in parallel plus one in series gives 
0.015 percent X,y for use with Fig. 25. Using this data the 
Xz, (X,/100) equals 0.0225 which for switching in the 
third 2520 kvar step of capacitors allows a maximum peak 
inrush current of about 69 times normal rms rated current 
of each step or 69105, or 7250 amperes. ‘he frequency 
of this current is about 6000 cycles. If the inductive 
reactance of the leads is less than 0.0076 ohm, the maxi- 
mum inrush current is greater than 7250 amperes. 

Where the inrush current when switching banks of 
capacitors is excessive, it can be limited by the insertion 


X,(100/Xe) % 


ingot 0.0004 0.001 0.03 0.06 . ‘ 2 3 24 
eS 
POSS] 
6ooj\- —__1 
500. 


FREQUENCY 


SCALES 


INRUSH CURRENT IN TIMES NORMAL 


t 
0.0001 


0.004 


w 
°o 
fe} 
fo} 

FREQUENCY CYCLES-PER-SECOND 


10 1000 
8 | {CAPACITOR VOLTAGE, THE INRUSH CURRENT WILL BE 800 
é TWICE THAT GIVEN BY THIS CHART. THE CHART APPLIES 00 
3 FOR ENERGIZING DISCHARGED .CAPACITORS. SoG 
4 X_ AND X¢ ARE IN % ON THE SWITCHED CAPACITOR 400 


Xc(%_7100) & 


Fig. 25—Magnitude and Frequency of transient inrush current when energizing a bank in parallel with one existing 
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Fig. 26—Test resusts indicating the effect of reactance and 
resistance on limiting energizing inrush current. 


of reactance or resistance into the circuit. Reactance is 
much more effective than resistance. The curves in Fig. 
26 give the results of tests showing the effect of adding 
resistance or reactance in reducing the peak inrush cur- 
rent. D-c voltage was used to charge one group of capaci- 
tors; the voltage was then removed and when the switch 
was closed between the two groups, the peak current was 
measured. 


21. Voltages When Switching Off Capacitors 


Since the current goes out at normal current zero when 
de-energizing a bunk of shunt capacitors, the rms voltages 
resulting can be calculated. The voltages to ground, re- 
covery voltage across circuit breakers, and the line-to- 
line and line-to-neutral voltages across the capacitors are 
important. The voltages of Table 8 expressed in percent 
of normal peak line to neutral voltage are obtained when 
the supply system is grounded solidly and does not suffer 
neutral displacement while switching a wye-connected 
ungrounded capacitor bank. For a normal breaker open- 
ing, one phase is interrupted first. even for a well adjusted 
breaker, at current zero, and 90 degrees later the other 
two phase currents are interrupted simultaneously at 
current zero by the clearing of either B or C breaker con- 
tact. 


TABLE 8 
Percent of 
Peak Voltage 
Phase of Wye Connected Bank A B Cc 
Sequence of Opening..................... Ist | 2nd | 2nd 


Maximum E to Ground after Opening... .. 
Maximum E across Corresponding Breaker 


Pole ie stg a A ed bags anes uate Pepe ewes 250 | 187 | 187 
Maximum Voltage across Capacitor Leg 
Following Interruption................. 100 37 137 
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The voltages of Table 8 are brought about by the fact 
that 100 percent voltage is left on A phase, the first phase 
to open. The very instant A phase opens, a charge 
of 50-percent voltage is left on phases B and C because the 
instantaneous voltage across these two phases is 50 per- 
cent. The neutral point of the capacitor bank remains at 
a potential of 50 percent above ground, which appears 
across the capacitance to ground. The subsequent voltage 
applied across B and C when B or C clears is 173 percent, 
half of which is across B capacitor and half across C capaci- 
tor. But the 50-percent charge left on these two phases, 
when A opened, is still present and adds or subtracts from 
half of 173 percent giving a net of 37 percent or 137 per- 
cent. Similar analyses can be made for delta-connected 
capacitors. 

The voltage across the contacts of the circuit breaker is 
important because if the recovery rate or the magnitude is 
too great, restriking occurs across the contacts. Such re- 
striking cause switching surges that may produce peak 
voltages of several times the normal peak voltage to 
ground. Special consideration should be given to this 
problem in each case. The problem is more acute at volt- 
ages above 15 kv. Careful adjustment of the breaker can 
make an otherwise unsatisfactory condition one which is 
acceptable. Special treatment with respect to the oil flow 
in the breaker grid during interruption usually solves the 
problem. In extreme cases it may be necessary to limit 
restriking on de-energizing by inserting in series or parallel 
with each phase of the capacitor circuit a suitable resistor 
just prior to the operation of the circuit breaker to de- 
energize the bank. A careful analysis of the problem 
should be made for each application; laboratory and field 
tests may be necessary. 


22. System Harmonic Voltages 


Since the reactance of a capacitor varies inversely as the 
applied frequency relatively small harmonic voltages cause 
relatively large current-wave distortion. Capacitors are 
therefore built to permit combined harmonic and 60-cycle 
kvar to equal not more than 135 percent (AIEE Standard) 
of the capacitor nameplate rating. The kvar loading of a 
capacitor expressed as a fraction of its rating with har- 
monic voltages applied can be obtained as follows: 
KVA=E£2+3H2+5he+...... where all voltages are 
expressed as a fraction of the rated voltage. If only one 
harmonic is present, it can have a value of 


By - [aoe 


(15) 
n 


where 7 is the order of the harmonic. F 
The standard margins in capacitors are usually more ¥ 
than sufficient for the amounts of harmonic voltages 


present in most systems and, therefore, very little trouble @ 


is experienced. The principal cause of harmonic currents 4 
in capacitors is the magnetizing requirements of system ¢ 
transformers. If the transformers are operated near their 4 
rated voltages, the harmonic voltages are limited to @ 
minimum values. Capacitors do not generate harmonic J 
voltages. 4% 

Harmonic frequencies usually encountered are the third a 
and fifth. The capacitor has lower reactances to higher j 
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frequencies and therefore allows proportionately larger 
currents. Figure 27 shows the amount of total rms current, 
fundamental and one harmonic, which standard capacitors 
can catry, depending on how much total rms voltage, 
fundamental and harmonic, exists at the same time. For 
example, suppose the fifth harmonic and the fundamental 
are present. and the total rms voltage is 105 percent. Then 


220 


RMS CURRENT IN % OF 60-CYCLE CURRENT © 
AT RATED VOLTAGE 


100 


100 105 No 15 


RMS MEASURED VOLTS IN% OF RATED VOLTAGE 


Vig. 27—Permissible harmonic currents. For 135 percent kvar 
for different fundamental voltages without exceeding ther- 
mal limits. 


the total current the capacitor can carry is 161 percent. 
This is made up of about 102-percent rated amperes at 
fundamental frequency and about 125-percent rated 
amperes at fifth harmonic. The corresponding voltages 
are 102-percent fundamental and 25-percent fifth har- 
monic. 

Breakers applied with shunt capacitors must have 
sufficient continuous current-carrying capacity to handle 
expected harmonic currents along with the rated-frequency 
current. 


23. Discharge Current 


When a capacitor is short circuited, either at its termi- 
nals or through a length of feeder, it discharges its stored 
energy determined by 

Stored energy =; CE? (16) 
If the short circuit occurs at the instant the voltage on the 
capacitor is a maximum, then the stored energy is a maxi- 
mum. The stored energy is dissipated in the resistance of 
the cireuit which includes the capacitor and the feeder up 
to the short circuit. The peak current, the frequency of the 
current and the time constant of the circuit can be calcu- 
lated for a given situation. Figure 28 shows the peak value 
of current calculated for various lengths of bus consisting 
of single-conductor cables with an equivalent delta spacing 
of four feet. The peak current is high in magnitude but 
Since the frequency is high and the time constant of the 
Circuit low, the current decreases rapidly. For all practical 
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sizes of capacitor banks, the discharge current reaches half 
value in about 0.02 second, or less. Breakers normally 
applied with capacitor banks are capable of handling 
these currents. 


24. Harmonics and Coordination with Telephone 
Circuits_ 


The principal cause of harmonic voltages and currents 
in capacitors is the magnetizing requirements of trans- 
formers. Because of the lower impedance of capacitors at 
higher frequencies, the harmonic currents may become so 
high as to endanger the life of the capacitor, or cause 
excessive fuse blowing, or overheating of breakers and 
switches. The standard margins built into capacitors, 
which were mentioned previously, are usually sufficient 
so that for the amount of harmonic voltage present in 
most systems no undue amount of trouble is experienced. 
For the transformer magnetizing current the third har- 
monic components and their multiples are supplied usually 
by circulation around the delta connected windings. The 
higher harmonics are usually so small that they give no 
appreciable trouble as long as the transformers are operated 
near their rated voltage. 

An unbalanced fault on a system supplied by water- 
wheel generators without damper windings may produce 
harmonic voltages. By resonance or partial resonance with 
capacitors these voltages can be magnified. While the 
duration of the fault might not be sufficiently long to 
injure the capacitor, it may result in blowing of capacitor 
fuses all over the system. This hazard is reduced by proper- 
ly designed damper windings and system arrangement. 

Considerable study has been given the effects of shunt 
capacitors on the inductive coordination of power systems 
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Fig. 23—Peak current supplied to a three phase fault through 
various lengths of bus from shunt capacitor banks. 
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and exposed telephone circuits at noise frequencies. These 
studies have been carried on by the Joint Subcommittce 
on Development and Research of the Edison Electrie In- 
stitute and Bell Telephone System. The results of their 
preliminary study of the problem were included in an 
article published in the August, 1988 issue of the Edison 
Electric Institute Bulletin. It has been found that the use 
of capacitors may be either detrimental or beneficial from 
the inductive coordination standpoint, depending on the 
particular conditions in each case. Advance planning by 
the power and communication industries has reduced the 
number of troublesome situations to a small percentage of 
the capacitor installations. Where capacitors have resulted 
in increased noise, it has generally been practicable to 
improve conditions by relatively simple measures applied 
to either the power or communication systems or both. 
A summary of the available measures is included in the 
article mentioned above and in Chap. 23 of this book. 


25. Portable Capacitors 


Portable capacitor units such as shown in Fig. 29, are 
effective in relieving overloaded facilities until more per- 
manent changes in the system can be made. Two single- 


Fig. 29—Portable capacitor bank. 


phase mobile capacitor units can be used to reduce the 
overload on open-delta banks of transformers occasioned 
by the failure of one transformer of a three-phase delta- 
connected bank. In the open-delta application the most 
effective use of the capacitors is to plan twice as much 
capacitive kvar across the phase lagging the open side of 
the delta as is placed across the open side. 


26. Capacitors and System Stability 


Shunt capacitors reduce the static stability limits of 
generators (and systems) because they reduce the field 
currents used for a given kw load and terminal voltage. 
The effect is noticed by an increase in generator power 
factor as more and more shunt capacitors are added. Ac- 
tually many factors are involved in determining the static 
stability limits of generators, some of which are difficult 
to evaluate. However, the effect of shunt capacitors can 
be determined rather directly. 

The static stability limit of a generator for a given set 
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of conditions is directly proportional to the voltage on the 
air-gap line of the generator corresponding to the excitation 
current. Therefore, as more shunt capacitors are added 
to a system, the power factor of the generators increase 
and consequently the exciting current decreases. As the 
exciting current is decreased, the voltage on the generator 
air-gap line decreases. The static stability limit is therefore 
proportional to generator exciting current. Generally on 
turbo-generators, if the operating power factor at full load 
is no greater than 95 percent lagging, experience has shown 
that the operation is safe. In some cases generators are 
operated between 95 percent lagging and 100 percent 
power factor with satisfactory performance. Few, if any, 
generators are operated consistently at power factors in 
the lead unless the generators are designed specifically for 
such service. Hydro-generators may also be affected by 
shunt capacitors, but usually these generators are so far 
removed electrically from capacitors that the generators 
are affected more by other factors such as the character- 
istics of transmission lines and the sending of power over 
relatively long distances. 

Any generator, regardless of its prime-mover, may be 
affected by system shunt capacitors and therefore the prob- 
lem should always be taken into consideration. This is 
particularly important where large amounts of shunt ca- 
pacitors are planned for systems where generators are 
already operating at high power factors. A few power 
systems have this problem now and more will probably 
have the problem as future plans are made to get better 
overall system economy by taking advantage of the char- 
acteristics of shunt capacitors. This problem also has a 
direct bearing on how much capacitor kvar can be per- 
manently connected through minimum-load periods with 
few generators in service and how much capacitor kvar can 
be installed with switching to provide needed kvar during 
maximum load periods and maximum generation. 


27. Surge Protection of Shunt Capacitors 


On circuits exposed to lightning it is recommended that 
lightning arresters be provided on all delta-connected ca- 
pacitors either housed or hanger type large or small banks. 


Likewise arresters are recommended for all wye-connected _ 


capacitor banks where the neutral is ungrounded. Where 
the capacitor bank is switched, it is best practice to provide 
arresters on the capacitor side of the circuit breaker. 

A capacitor bank connected in wye with the neutral 
grounded has the ability of sloping off the front and redue- 
ing the crest of traveling waves, so that it affords added 
lightning protection to the capacitor bank itself and to 
transformers and other adjacent equipment. Thus there 
is some question as to whether or not arresters are needed. 
In addition, for those surges where arresters are required 
there is also some hazard to the arrester because the ca- 
pacitor discharges through the arrester when the arrester 
operates. When the capacitors are connected to a bus with 
transformers and other circuits, arresters are required to 
protect this other equipment whenever the capacitor bank 
is disconnected. The arresters are therefore available and 
in service at all times. Where the capacitor bank is the 
only load on a transformer winding the arresters can be 
omitted if the transformer is removed from service when 
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all capacitors are disconnected. Where the capacitors are 
supplied from a third winding of the transformer, arresters 
may be required on this winding if all of the capacitors are 
to be out of service at times. 

}'rom a surge-protection point of view for greatest safety 
to the arresters, wye-connected capacitor banks should be 
operated ungrounded. For best surge protection of the 
capacitors, the neutral should be grounded and arresters 
provided. There are other problems with capacitor banks, 
however, Which make the wye-grounded bank undesirable. 
The grounded-neutral bank provides a path for the third 
or residual harmonics, thereby increasing the probability 
of communication interference; if a capacitor unit becomes 
shorted, where there is a single unit between line and 
neutral, the fault current can exceed the ability of the fuse 
to clear before the capacitor unit is ruptured. 

Lightning arresters protecting high-voltage capacitor 
banks above 15 kv are subjected to switching surges, when 
the capacitors are switched, whether or not the capacitor 
bank neutral is grounded. With restriking across breaker 
contacts, which may occur, the arresters may be damaged. 
‘Therefore it is necessary to provide means of limiting the 
restriking in the breaker to protect the arresters. The 
solution in a given case may require special field tests to 
determine the proper adjustment of the breaker or to 
determine what changes are necessary. 


28. Capacitors Versus Synchronous Condensers 


In large units synchronous condensers constitute a com- 
petitor of shunt capacitors. The following points should 
he considered in comparing these two types of equipment. 

1. A standard synchronous condenser is capable of sup- 
plying kvars equal to its rating to the system as well as 
absorbing them to an extent equal to 50 percent of its 
rating. For those applications requiring these character- 
istics, the comparison should be on a basis of the synchro- 
nous condenser against the capacitor at full kvar plus a 
shunt reactor of 50 percent kvar. 

2. The fineness of control of the synchronous condenser 
cannot be duplicated by the capacitor unless a large num- 
her of switching steps are used. 

3. An instantaneous drop in terminal voltage, within 
practical limits, increases the kvar supplied to the system 
in the case of a synchronous condenser whereas a similar 
change in the case of capacitors decreases the kvar supplied 
to the system. In this regard the synchronous condenser 
has greater stabilizing effect upon system voltages and 
likewise tends to maintain synchronism between machines. 
Its mechanical inertia, in general, has a further stabilizing 
effect upon the other synchronous machines comprising 
the system. By reason of these same characteristics, a 
synchronous condenser reduces the effects of sudden load 
changes or rapidly varying loads, such as drop in system 
Voltage occasioned by starting of a large motor or operation 
of large welders. 

4. For short periods the synchronous condenser can 
supply kvar in excess of its rating at normal voltage, 
Whereas this is not the case for capacitors. 

5. The losses of synchronous condensers are much 
greater than those of capacitors. For synchronous con- 
densers the full load losses vary from about 3 percent of 
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the kva rating for 3000 kva units to about 14 percent for 
very large units of 50 000 to 100 000 kva. For capacitors 
the losses are about one-third of one percent of the kva 
rating. The no-load losses of air-cooled svnchronous con- 
densers are about 60 percent of the full-load losses and for 
hydrogen-cooled synchronous condensers about 40 per- 
cent; therefore, at fractional loads the losses of the syn- 
chronous condenser are not in proportion to the output in 
kva. For a capacitor, however, the losses are proportional 
to the kvar-connected to the system. 

6. A comparison of the cost of synchronous condensers 
and capacitors involves an evaluation of the losses. Figure 
30 gives an idea of the relative cost of air-cooled outdoor 
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Fig. 30—Approximate relative cost of shunt capacitors and 
synchronous condensers. (Capacitors connected in wye and 
switched in five steps. Costs do not include main circuit 
breaker, land space, foundations, or space parts, but do 
include freight, automatic control, erection, capacitor fuses, 
coolers on synchronous condensers, and so forth.) 


synchronous condensers and capacitors. Three evaluations 
for losses were assumed 0, $150, and $250 per kw. The low 
losses of the capacitors should not be evaluated as highly 
as those for the synchronous condenser because, as just 
mentioned, at fractional loads the losses decrease more 
rapidly than for the synchronous condenser. 

7. Capacitors lend themselves to distribution at several 
locations throughout the system, which is difficult to do 
economically with small synchronous condensers. Thus, 
capacitors can be located at points closer to the load and 
be more effective. 

8. The kvar rating of a capacitor installation can be 
increased or decreased as the loads and system require- 
ments dictate, which is impractical with synchronous con- 
densers. Capacitors can be installed easily. By moving 
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capacitors from point to point as required, the installation 
of other equipment such as transformers, may be deferred. 
Foundations are less important than for synchronous 
condensers, and auxiliaries are fewer and simple. 

9. A failure of a single fused unit in a bank of capacitors 
affects only that unit and does not jeopardize operation 
of the entire bank. A failure in a condenser removes the 
entire ability to produce kva. On the other hand, failure 
of a synchronous condenser is less likely to occur than 
failure of a single unit in a bank of capacitors. 

10. Synchronous condensers add to the short-circuit 
current of a system and may increase the size of breakers 
required. This is rarely, if ever, the case with shunt ca- 
pacitors. On the other hand, breakers used in the switching 
large banks of capacitors may involve large currents of 
short duration. In general, however, these currents fall 
Within cireuit-breaker ratings dictated by the power 
system. 


29. Capacitors and Synchronous Condensers 


Banks of shunt capacitors have been used in conjunction 
with synchronous condenser where fluctuating loads of low 
power factor are prevalent or where the steps in the ca- 
pacitor bank were too coarse to give the desired fineness 
of voltage control. In this way the economy of using shunt 
capacitors for part of the kvar correction can be had by 
using one or several steps of capacitors with breakers. 
Where the voltage of the bus is controlled by the com- 
bination of capacitors and condenser, the master control 
would be from the bus voltage. It is more likely though 
that the bus voltage will be controlled by other means such 
as a tap-changing-under-load supply transformer, and that 
the object of using the kvar corrective equipment is for 
power-factor regulation. In such cases the control of the 
kvar must be accomplished by a power-factor regulator. 


V. SERIES CAPACITORS FUNDAMENTALS 


Like the shunt capacitor, the series unit has application 
on transmission and distribution lines. Behavior of the 
shunt capacitor is generally well understood and can be 
accurately predicted. The same is not always true of the 
series type. Many questions are still unanswered and 
many problems are still unsolved. However, developments 
and experience of recent years are bringing new knowledge 
and maturity to the science of applying series capacitors to 
improve conditions on distribution and transmission lines. 

Constructionwise, shunt and series capacitors are iden- 
tical. In fact, should the need for a series capacitor dis- 
appear, the capacitor units can be removed and reinstalled 
as shunt units. The two types differ in their method of 
connection. The shunt unit is connected in parallel across 
full line voltage. The series unit is connected in series in 
the circuit and hence conducts full line current. While 
the voltage on a shunt installation remains substantially 
constant, the drop across the series bank changes instan- 
taneously with load, as with any series device. It is this 
characteristic, which produces an effect dependent on load, 
that makes the series capacitor extremely valuable in cer- 
tain applications by compensating for line series inductive 
reactance. 
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A series capacitor in an a-c circuit introduces negative 
or leading reactance. Current through this negative re- 
actance causes a voltage drop that leads the current by 
90 degrees. This drop is opposite from that across an 
inductive reactance. Thus a series capacitor at rated fre. 
quency compensates for the drop, or part of the drop, 
through the inductive reactance of a feeder. The effects 
of this compensation are valuable in two classes of appli- 
cations: one, on radial feeders to reduce voltage drop and 
light flicker; and, two, on tie feeders to increase the ability 
of the feeder to transfer power and help the stability of 
the system. 


30. Effects on Radial Feeders 


The action of a series capacitor to reduce voltage drop 
is illustrated in Fig. 31. The voltage drop through a feeder 
is approximately 

IR cos 6+LX, sin 6 (17) 


where Ff is feeder resistance, X 1 feeder reactance, and 6 the 
power-factor angle. If the second term is equal to or 
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Fig. 31—Voltage vector diagrams for a circuit of lagging 

power factor (a) without and (b) with series capacitors. The 

series capacitor increases the receiving-end voltage, thus 
reducing voltage drop. 


greater than the voltage improvement desired, a series 
capacitor may be applicable. The magnitude of the second 
term is a relatively larger part of the total voltage drop 
where power factor is low and where the ratio of feeder 
resistance to reactance is small. With a series capacitor 
inserted, Fig. 31(b), the voltage drop becomes 

IR cos 6+1(X,—X,) sin 6 (18) & 
or simply 7R cos 8 when X, equals Xy. In most applica- * 
tions the capacitive reactance is made smaller than feeder | 
reactance. Should the reverse be true, a condition of over- § 
compensation exists. Overcompensation has been em- ¥ 
ployed where feeder resistance is relatively high to make § 
I(Xu—Xe) cos @ negative. However, overcompensation 4 
may not be a satisfactory condition if the amount of ca- 
pacitance is selected for normal load, because during the j 
starting of a large motor the lagging current may cause a2 ¥ 
excessive voltage rise, as shown by Fig. 32. Thisis harmful ¥ 
to lights and introduces light flicker. : 
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Fig. 32—The high lagging current due to motor starting 
rapidly raises the receving-end voltage of a circuit which is 
over-compensated with series capacitors. 


The power factor of the load current through a circuit 
must be lagging fora series capacitor to decrease the volt- 
age drop appreciably between the sending and receiving 
ends. If power factor is leading, the receiving-end voltage 
is decreased by the addition of a series capacitor, as indi- 
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Fig. 33—When the load power factor is leading, a series ca- 
pacitor is undesirable because it decreases the receiving end 
voltage, 


cated by Fig. 33. If the power factor is near unity, sin 0 
and consequently the second term of Eq. (18) are near 
zero. In such cases, series capacitors have comparatively 
little value. 

When properly applied, a series capacitor reduces the 
impedance of a line and thereby raises the delivered volt- 
age. This increases the kva capacity of a radial feeder and, 
for the same delivered load kva, slightly reduces line cur- 
rent. A series capacitor, however, is not a substitute for 
line copper. 


31. Light Flicker 


Series capacitors are suited particularly to radial circuits 
where light flicker is encountered due to rapid and repeti- 
tive load fluctuations, such as frequent motor starting, 
varying motor loads, electric welders, and electric furnaces. 
A transient voltage drop, which causes light flicker, is 
reduced almost instantaneously in the same manner as 
voltage drop due to a slowly increased load. To predict 
accurately the reduction in voltage flicker by series ca- 
pacitors, the current and power factor of the sudden load 
Increment must be known. It is obvious that to improve 
Voltage conditions or reduce light flicker at a given load 
point the series capacitors must be on the source side of 
that point. The series capacitors must compensate for line 
Inductance between the source and the point where it is 
desired to reduce light flicker. This sometimes makes the 
application of capacitors difficult because one feeder from 
2 bus with several feeders may have a fluctuating load that 
produces sufficient voltage change on the bus to cause light 
flicker on all feeders. To use series capacitors to reduce 
the flicker, they must be installed in the supply circuit 
or circuits to the bus. 

Shunt capacitors cannot be switched fast enough to 
Prevent light flicker. In fact, an attempt to use shunt 
Capacitors for this purpose might aggravate the situation. 
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Step voltage or induction voltage regulators, also, are not 
sufficiently rapid to follow sudden voltage fluctuations. 
The voltage dip cannot be prevented by shunt capacitors 
or regulators as the dip itself is used to initiate the 
correction. 


32. Effects on Tie Feeders 


Series capacitors can be applied to tie feeders to increase 
power-transfer ability and improve system stability rather 
than to improve voltage regulation as on radial feeders. 
The vector diagrams and Eq. (17) and Eq. (18) still apply 
but the emphasis is now on power transfer and stability. 
For simplicity, assume the feeder impedance consists only 
of inductive reactance. Since the effect of resistance is 
small in most tie-feeder circuits, it can be neglected with- 
out materially affecting the results. Referring to Fig. 34, 
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Fig. 34—Vector diagram for a tie feeder in which resistance 
effects are neglected. 


the simplified equation for the amount of power transferred 
through a tie feeder is: 
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P=Ex sin 8 (19) 


a4LL 
where @ is the angle between the sending (#s) and receiv- 
ing (ZR) voltages. With a series capacitor, the expression 
for power transfer is 
P= Eska 

Xi-X¢ 
Therefore, for a given phase-angle difference between the 
voltages, the power transfer is greater with a series ca- 
pacitor. Thus by making possible a greater interchange 
of power, the normal load transfer and the synchronizing 
power flowing during transient conditions are increased, 
thereby helping stability. This is illustrated in Fig. 35, 
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Fig. 35—The power-transfer ability of a tie feeder may be 
increased from curve (a) without series capacitors, to curve 
(b) with series capacitors. 
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which shows that for the same angle, a series capacitor 
effects a 40-percent increase in power-transfer ability— 
and also the maximum power that can be transferred. 
Furthermore, to transfer the same amount of power 
through the tie feeder, angle 6 is smaller, which aids 
stability of the system. 

A series capacitor on a radial feeder is ineffectual unless 
the load power factor is lagging. This is not as important 
in most tic feeders as can be seen from Eqs. (19) and (20). 
Power transfer is affected primarily by the angle between 
the sending and receiving voltages and not as much by 
power factor. 


33. System Power Factor Improved 


The lagging kilovars supplicd by a series capacitor im- 
prove system power factor, Just as a shunt capacitor or an 
overexcited synchronous machine, but to a much smaller 
extent. In effect, the capacitor compensates for the ?-Y, 
“lost” in the feeder reactance. The amount of compensa- 
tion varies, of course, as the square of the current since 
the kilovars supplied equal [2X ,. At half load, for example, 
only one-quarter rated kilovars is provided. 


34. Relative Effect of Power-Factor Correction 


A shunt capacitor improves load voltage by neutralizing 
part of the lagging current in a circuit, thereby reducing 
the line current and voltage drop. A series capacitor im- 
proves load voltage more effectively by compensating 
directly for part of the feeder reactance, which causes the 
voltage drop. Consequently, the same voltage correction 
is obtained with a smaller rating of series capacitors than 
shunt, usually in the ratio of one half to one fourth. How- 
ever, because the amount of power-factor correction in- 
creases with capacitor kvar rating, the shunt capacitor 
corrects power factor to a greater extent. 

For example, on a 10 000-kva circuit having a load power 
factor of 80 percent and an R/X ratio of 0.3, 1100 kilovars 
of series capacitors are required to limit the voltage drop 
to 10 percent. This capacitor raises the source power factor 
from about 74 to about 78 percent. If a shunt capacitor 
is used in this circuit to obtain the same voltage correction, 
3800 kilovars are required, but the source power factor is 
raised from 74 percent to 91 percent lagging. 

To increase materially the source power factor as well 
as improve voltage, shunt capacitors at or near the load 
offer the best solution. Usually shunt capacitors must be 
switched in one or more groups to keep within desired 
voltage limits as load varies. Shunt capacitors do not 
reduce light flicker because they cannot be switched on 
and off fast enough to counteract rapid fluctuations in 
voltage. 


VI. APPLICATION OF SERIES CAPACITORS 


In general, series capacitors are applicable to radial 
circuits supplying loads of about 70 to 95 percent lagging 
power factor. Below 70 percent, shunt capacitors are more 
advantageous (unless the power factor changes over such 
a wide range, making it impossible to switch shunt ca- 
pacitors fast enough to supply the kvar required by the 
load). Above 95 percent, the small value of sin 6 limits 


Application of Capacitors to Power Systems 


Chapter 8 


the beneficial effect of series capacitors. Applications to 
radial circuits supplying loads of 70 to 90 percent power 
factor are most likely to be successful. 

The application of series capacitors differs materially 
from that of shunt capacitors. Where voltage correction 
is the primary function of shunt capacitors the correction 
is obtained by raising the power factor of the load. To 
determine the shunt capacitor kvar required, the most 
important data needed are the magnitude of the load, its 
power factor and the impedance of the source circuit, 
While similar data are required for voltage correction with 
series capacitors, the effect of series capacitors is to reduce 
the reactance of the source circuit. Series capacitors affect 
power factor to a limited extent as compared with shunt 
capacitors because usually the kvar in a series capacitor is 
much smaller, being one-fourth to one-half of the shunt 
capacitor kvar for the same change in load voltage. In 
addition, the series capacitor contributes its kvar to the 
system as the square of the load current. 


35. Determination of Capacitor Rating 


A three-phase circuit containing a series capacitor con- 
sists of line resistance, line inductive reactance, and ca- 
pacitive reactance. The kva ratings of these components 
are 3/°R, 382?X 1, and 8L2°X.. These values as a percent of 
the total circuit rating are useful in considering the useful- 
ness of series capacitors. The percent rating is obtained 
by dividing the kva rating of each element times 100 by 
the total circuit kva rating 4/3£,/) which must be known. 
The percent rating of the capacitor equals 300 [NV ¢/4/3ER 
(or 173 I[X_/Eg) where J is full-load rating of the circuit 
and Ep is the load line-to-line voltage. 

Calculation of kva ratings as a percent of circuit rating 
can be extended to voltage. The voltage drops, IR, IX1, 
and [X._ times 100, are divided by the circuit voltage 
rating Ep/+/3. The percent of the capacitor again equals 
173 I[X,/Eg. Consequently, the percent ratings of each 
component on a kva, base and on a voltage base are iden- 
tical. Therefore, a series capacitor rated 20 percent on the 
base of circuit kva is also rated 20 percent on the base of 
circuit voltage. These ratings mean that at full load, the 
capacitor ‘consumes’? 20 percent of rated circuit kva and 
the voltage drop across its terminals is 20 percent of rated 
circuit voltage. 

The rating of a series capacitor (kilovars, voltage, and 
current) for a radial feeder depends on the desired voltage 
regulation, the load power factor, and the amount of resist- 
ance and reactance in the feeder relative to each other and 
to the circuit rating. The capacitor kilovar rating can be 
determined for 80 or 90 percent load power factor and 5 
or 10 percent circuit voltage drop from data given in the 
curves of Fig. 36. To use these data, the feeder rating is 
taken as 100 percent kva'and all other figures are calculated 
in percent on this base. For example, assume a 10 000-kva 
feeder having an inductive reactance of 20 percent and a 
ratio of resistance to reactance of 0.3 supplying a load 
whose power factor is 80 percent. From Fig. 36, to limit 
the voltage drop to 5 percent at full load, the series ca- 
pacitor must be rated 20 percent of the circuit rating. This 
is 20 percent of 10 000 kva or 2000 kilovars. The capacitor 
voltage rating is also 20 percent of the rated circuit voltage. 
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Fig. 36—Kilovar and voltage ratings of a series capacitor for a 
radial feeder may be determined for many cases from these 
curves. 


Thus if the circuit is rated 20 000 volts, phase to neutral, 
the capacitor is rated 4000 volts. If a voltage regulation 
of LO percent is permissible, only 1100 kilovars (at 2200 
volts) are required. Had load power factor been 90 per- 
cent, 2200 kilovars (at 4400 volts) would be necessary for 
5-percent regulation and 900 kilovars (at 1800 volts) for 
{0-percent regulation. 

Other factors being equal, the ratio of R/Xz has a large 
effect on capacitor rating, as Fig. 36 indicates. Higher 
ae require more capacitors; this is seen vectorially in 
ig. 37, 

The current rating of the capacitor equals that of the 
circuit because the bank must be able to earry rated circuit 
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Fig. 37—Radial feeders having a higher ratio of resistance to 
reactance (for the same percent reactance) necessitate more 
capacitors. 


current continuously. In addition, when circuits supply 
relatively large motors, the capacitor must be able to carry 
temporarily the starting current of the largest motor plus 
the current of other loads already in service. The total of 
the transient and steady-state currents through the ca- 
pacitors should not exceed 1.5 times rated. 

_ The rating of a series capacitor applied to a tie feeder 
is determined from a study of the power-transfer and 
stability requirements. No definite rules can be stated, 
but in general, the capacitive reactance of a series ca- 
pacitor is less than (probably not more than 70 percent) 
the inductive reactance of the tie line. If the maximum 
transient current during a system disturbance is greater 
than about 1.5 times rated current, stability requirements 
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rather than load transfer may dictate the capacitor rating 
for a tie-feeder application. 


36. Arrangement of Capacitor Units 


When the kilovar, voltage, and current ratings of the 
bank are known, capacitor units are arranged in series- 
parallel connections to obtain the desired values. Series 
connection builds up the voltage rating and parallel con- 
nections the current rating. Each bank must be “‘tailored”’ 
to fulfill the requirements of that specific application. 

Capacitor banks can be assembled for any current rat- 
ing and for almost any voltage rating, standard or non- 
standard. If the voltage across the bank is less than 230 
volts, it may be economical to install a series step-up trans- 
former to permit using standard capacitor units of higher 
voltage and lower cost. 


37. Location of Capacitors 


In general, a series capacitor can be located at any 
convenient place on a feeder provided that certain require- 
ments are met. First, the voltage level at the output 
terminals of the bank must not be too high for the line 
insulation and lightning arresters; and second, a capacitor 
on a radial feeder must be located between the source and 
the load whose voltage is to be improved. Where a radial 
circuit has a number of tapped loads distributed through- 
out its length, the best location of the series capacitor is 
at about one third of the electrical impedance of the feeder 
from the source bus. If a feeder is long, two banks of 
capacitors may be preferable as more uniform voltage is 
obtained throughout the circuit. Where short-circuit cur- 
rent is high, it may be advisable to locate the capacitor 
so that fault current through the protective gaps and 
switches is a minimum. 

A series capacitor located in a substation can be con- 
nected in each phase on the neutral ends of wye-connected 
transformer windings to permit use of a lower voltage class 
in the capacitor insulation. However, this practice raises 
the voltage-to-ground level of the transformer windings. 
This must be checked carefully. The effectiveness of a 
series capacitor is independent of whether it is connected 
on the neutral ends or on the line ends of the transformer 
windings. 


VII. PROTECTION OF SERIES CAPACITORS 
38. Protection During Line Fault 


For most circuits in which series capacitors are applied, 
the currents and corresponding capacitor voltages during 
fault conditions are several times the maximum working 
value. As standard capacitor units can withstand about 
200 percent of their rated working voltage for brief periods 
without damage to the dielectric, it is necessary to use 
capacitors with continuous current ratings equal to 50 per- 
cent of the maximum current that may flow during a fault, 
or to use a voltage-limiting device. For a given reactance, 
the cost of capacitors increases approximately as the square 
of the rated current so that it is more economical to use 
capacitors whose ratings are based on the working current 
and to limit the voltage that can appear across their 
terminals by means of auxiliary apparatus. 
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Care must be used that the voltage rating of the series 
capacitor and its associated protective equipment is made 
high enough so the capacitor is not by-passed during work- 
ing loads. On radial circuits to insure availability of the 
series capacitor during motor starting currents, when its 
effects are most useful, the capacitor rating must be at 
least 67 percent of the greatest motor inrush current that 
may be imposed on the line plus other operating load. 
With protective devices set to by-pass the capacitor at 
200-percent rating, the capacitor remains in service during 
such transient loads. 

The device used to protect a series capacitor during a 
fault should limit the voltage rise to about twice the rated 
value even for a short time. The capacitor must therefore 
be by-passed during the first half cycle of fault current. 
A properly designed gap (shown in Fig. 38) fulfills this 


BRONZE 
CASTING 


GRAPHITE 
ELECTRODE 


GRAPHITE 
ELECTRODE 


PORCELAIN 
INSULATOR 


STEEL FRAME 
Fig. 38—-Special gap for parallel protection of series capacitors. 


requirement and materials can be selected to give a stable 
arc and a low arc drop without repetitive restriking. Under 
most conditions, some means must be provided for shunt- 
ing this gap and transferring the arc current to another 
path. After the circuit current again falls to normal, the 
by-pass equipment must open to transfer current back 
through the capacitor. This commonly is done with a 
thermal or magnetic contactor or by an automatic circuit 
breaker that closes to by-pass the gap and capacitor and 
opens some time after the fault has cleared to restore the 
capacitor to service. If the installation consists of two or 
more groups of capacitor units in series within a bank, 
each can be protected by its own parallel gap. 

Where the insulation class of the series capacitor ts low, 
for example, where 230-volt capacitor units are used and 
the gap must break down at 460 volts, it is not possible 
to set the gap for sufficiently low breakdown voltage. In 
such instances, a trigger circuit is used to initiate the 
break-down of the gap. 

On large series capacitors in transmission tie lines special 
gaps or special high-speed circuit breakers or both may be 
required to protect the capacitors and re-insert them into 
the circuit within a half cycle or a cycle after the fault is 
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Fig. 39—-A typical series capacitor on a distribution circuit. 


cleared. This is necessary to enable the series capacitors 
to provide system stability. If the capacitors are not re- 
inserted within a cycle or less, their full benefit cannot be 
realized and their usefulness on tie lines would be reduced 
materially both electrically and economically. 


39. Protection Against Continuous Overload 


Standard series capacitors should not be used for con- 
tinuous operation at an average more than 105 percent of 
their rated voltage. Consequently, average working cur- 
rent through a series capacitor should not exceed the rated 
working current by more than five percent. The short- 
circuit protective device is not designed to function at less 
than 200 percent of the rated current; therefore, it is some- 
times desirable to provide overload as well as short-circuit 
protection. The overload protective device should have 
an inverse time-current characteristic that can be co- 
ordinated with the capacitor to allow momentary overloads 
but not continuous ones. Series capacitors have a 30- 
minute rating of 1.35 times rated current and a 5-minute 
rating of 1.5 times rated current. A thermally operated 
switch can also be used for this purpose. 

This special type of protection usually is not warranted 
except on large series capacitor banks. The absence of 
overload protection on small distribution installations fur- 
ther emphasizes the need for care in choosing the contin- 
uous current rating. 


40. Dielectric Failure Protection 


Dielectric failure protection rarely is used except on 
large banks. This also is a feature that is sacrificed on small 
distribution series capacitors in the interest of simplicity 
and low first cost. 

Dielectric protection is a means of detecting a faulted 
capacitor unit in a series-capacitor assembly. In an un- 
fused capacitor bank a short-circuited capacitor may sus- 
tain an internal arc, which causes gas to be generated in 
the unit. Continued operation causes the internal pressure 
to reach a value that rupture the case and possibly damage 


Chapter 8 


other units and equipment. If the units are equipped with 
individual fuses—and they should be—a fuse operation to 
remove a faulted unit increases the reactance of the bank 
and operation at the rated current of the original bank 
subjects the remaining units to overvoltage. Protection 
is afforded by detecting with proper relaying when the 
currents become unequal in two equal branches of the 
capacitor. When the unbalance in current exceeds the 
selected value, the capacitor is by-passed until the de- 
fective unit is replaced. 


41. Circuit Relaying 


On radial circuits, fault-protection relaying usually is 
not affected by the addition of series capacitors. Fault 
currents practically always considerably exceed twice rated 
current. Consequently the parallel gap breaks down on 
the first half cycle of fault current. This happens faster 
than most types of relays operate and thus relay and 
circuit-breaker operations are the same as without capaci- 
tors. Relaying of line-to-ground faults is accomplished 
usually by residual or neutral current, which is not affected 
greatly by a series capacitor. Fault-protective relaying on 
a, tie feeder, however, may be affected considerably by the 
installation of a series capacitor. Detailed studies must be 
made for each case prior to installation of the capacitor. 


VIII. OPERATING PROBLEMS 


Along with the desirable characteristics of series capaci- 
tors, there is the possibility of undesirable phenomena, 
usually involving some kind of resonance, which until re- 
cently has deterred the installation of large banks of series 
capacitors even where they otherwise could solve difficult 
system problems. In many cases the difficulties can be 
anticipated and suitable precautions taken to make an 
installation practical. 

Three major phenomena may be encountered in a circuit 
employing a series capacitor: sub-synchronous resonance of 
a motor during starting, ferro-resonance of a transformer, 
and hunting of a motor during steady-state operation. 
One, two, or all of these may occur. 


42. Sub-synchronous Resonance During Motor 
Starting 


When an induction or a synchronous motor is started, 
(the latter as an induction motor) through a series capaci- 
tor, the rotor may lock in and continue to rotate at a speed 
below normal or synchronous. This condition is known as 
sub-synchronous resonance. It is caused by the capacitor, 
Whose capacitive reactance in conjunction with the induc- 
tive reactance of the circuit and motor establishes a circuit 
resonant at a frequency below that of the power supply. 
The rotor, in effect, acts as a stable asynchronous gener- 
ator. It receives power at rated frequency from the stator 
Windings and transposes it to the sub-synchronous fre- 
quency, which it returns to the circuit containing the ca- 
pacitor. This circuit, being resonant, imposes a minimum 
of impedance to the sub-synchronous voltage and conse- 
Suently conducts a large current. A motor operating under 
these conditions may be damaged by excessive vibration 
or heating. 
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The sub-synchronous frequency is dependent on the 
relative sizes of the motor and the capacitor. The capacitor 
rating is determined by the circuit rating (other conditions 
remaining the same, the ratings are proportional). Con- 
sequently, the resonant frequency is related, indirectly, to 
the rating of the motor in proportion to that of the feeder. 
This frequency is usually 20 to 30 cycles for a 60-cycle 
motor whose rating equals half the circuit rating. 

As the motor size decreases with respect to the capacitor 
and circuit ratings, its reactance increases. During reso- 
nance, capacitive and inductive reactance are equal. Be- 
cause capacitive reactance increases with decreasing fre- 
quency, the sub-synchronous resonant frequency is lower 
when the motor requires a smaller proportion of the circuit 
rating. A motor requiring less than five percent of the 
circuit rating can be resonant at a sub-synchronous fre- 
quency of five cycles or less if it starts under load. 

The most common method of preventing sub-synchro- 
nous resonance is to damp out this frequency by placing 
a resistor in parallel with the capacitor. While the resist- 
ance to use can be calculated, the results thus obtained are 
‘usually one half to one tenth the values that experience 
proves necessary. Calculations are inaccurate because of 
the difficulty of giving precise consideration to such vari- 
ables as inertia of the motor and load, starting load, speed 
of acceleration, the type of starter, and other load on the 
circuit. For example, load elsewhere on the circuit, when 
a motor is started, reduces the possibility of sub-synchro- 
nous resonance by providing a damping effect similar to 
that of parallel resistance. 

The resistance should be as high as possible in order to 
hold to a minimum its continuous losses, which are equal 
to the square of the voltage across the capacitor bank 
divided by the resistance. It is common practice, then, to 
apply resistors that are adjustable over a predetermined 
range, particularly in the larger installations. 

When low ohmic resistance is used, the resistor can be 
disconnected after the motor reaches full speed and the 
risk of resonance has passed. Switching could be accom- 
plished manually or by remote control over a pilot wire 
or power-line carrier channel with electrically-operated 
switching equipment. 

Sub-synchronous resonance can also be avoided by use 
of parallel resistors across only two phases of a three-phase 
series capacitor. Such a solution is permissible where the 
omission of resistors from one phase does not unbalance 
the voltage appreciably. The amount of unbalance is de- 
termined by the resistance. The higher the resistance, the 
less the unbalance. But the resistance necessary, not the 
degree of unbalance, determines the ohmic value. At least 
one such installation is in service and is operating satis- 
factorily. 

Sub-synchronous resonance can exist only during motor 
starting. Hence, resonance can be prevented by inserting 
resistance in series in the supply leads to the motor instead 
of in parallel with the capacitor. A contactor is required 
to short circuit the series resistance after the motor reaches 
full speed. If the circuit contains only a few motors such a 
scheme may be more economical than a single large resist- 
ance in parallel across the capacitors. To be effective, the 
series resistance must be in the stator circuit of the motor. 
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Resistance in the rotor circuit of a slip-ring motor does not 
give the desired damping but affects primarily the amount 
of slip between the sub-synchronous frequency and the 
frequency of the current through the rotor circuit. 

If motors are started infrequently, sub-synchronous res- 
onance can be avoided without using resistance by short 
circuiting the capacitor during starting. If a temporary 
unbalance is tolerable, the same result can be achieved in 
some cases by short circuiting only one phase of the bank, 
which simplifies the switching equipment. 

The reactance of a capacitor is inversely proportional 
to frequency, while that of an inductor is directly propor- 
tional. Hence, in a series circuit consisting of capacitance 
and inductance the voltage drop across the former in- 
creases as frequency is reduced. Therefore, a condition of 
sub-synchronous resonance in a power circuit causes an 
increase in the voltage drop across the capacitor. This 
voltage may be large enough to cause the protective gap 
in parallel with the capacitor bank to flash over, thus short 
circuiting the capacitor. This halts the resonant condition 
and permits the motor to accelerate normally to full speed. 
After a time delay the capacitor is automatically restored 
to the circuit. This sequence of operations may make it 
possible in some installations (particularly where motors 
are started rarely) to use the gap alone to prevent sub- 
synchronous resonance and perhaps eliminate the need for 
parallel resistors. However, heavy-duty gaps in series with 
resistors to dissipate the energy stored in the capacitors 
may be required. 

The gap is set to break down at twice rated current 
(twice rated voltage) at rated frequency. Consequently, 
during sub-synchronous resonance at half rated frequency 
the gap flashes over at rated current since the capacitive 
reactance is doubled. The lower the frequency the smaller 
the current required to break down the gap. 

In general, the possibility of sub-synchronous resonance 
should be checked for all circuits in which the largest motor 
requires more than five percent of the circuit rating. Ex- 
perience indicates that standard motors rated less than 
ten percent of circuit rating encounter no difficulty if 
started at no load. In fact, motors rated up to 20 percent 
usually accelerate satisfactorily if started at no load and 
across the line. However, when high-inertia loads are in- 
volved, the circuit must be checked for sub-synchronous 
resonance even if the power requirement of the largest 
motor is as low as five percent of the circuit rating. 


43, Ferro-Resonance in Transformers 


A transformer bank when energized draws a high tran- 
sient exciting current. If a series capacitor is in the circuit, 
it may create a resonant condition that causes the high 
current to continue. This is known as ferro-resonance. 

Ferro-resonance is cured automatically in most cases by 
the parallel gap. The magnetizing inrush current is prob- 
ably of sufficient magnitude and low enough in frequency 
to cause a voltage drop to appear across the capacitor (and 
across the gap) high enough to break down the gap. As 
the transient period approaches its end, the current in the 
gap decreases. ‘he steady-state current through the gap 
for a short period is usually too small to maintain the arc 
and therefore the gap clears, restoring the capacitor to the 
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circuit. The possibility that the gap alone can prevent 
ferro-resonance is checked by oscillographic tests after the 
capacitor is installed. 

If tests indicate that the gap is inadequate, ferro-rego. 
nance can be eliminated by shunting the capacitor with g 
resistor or by having a certain minimum load on the trang. 
former side of the capacitor when the bank is energized. 
Of course, a parallel resistor applied to prevent sub-syp- 
chronous resonance of motors also prevents ferro-resonance 
of transformers, 

In some cases, such as 2400- or 4160-volt circuits, the 
voltage rating of a series bank would be very low (and itg 
cost high) if installed directly in the line. To permit appli- 
cation of a capacitor having a higher voltage rating, g 
transformer in series with the line is sometimes employed 
to step the voltage up from the required drop in the line 
to the capacitor rating. Such transformers must be de- 
signed carefully to prevent ferro-resonance. 

A series capacitor, when installed in a long circuit sup- 
plying a transformer of abnormally high steady-state 
exciting current, may resonate during normal operation 
at a frequency corresponding to a harmonic component 
of the exciting current. Fluctuating loads may cause such 
resonance even though it does not appear when the trans- 
former is energized. Resonance in this case is eliminated 
by a parallel resistor, by changing the transformer winding, 
or by replacing the transformer with another having a 
normal exciting current. 


44, Hunting of Motors During Normal Operation 


Hunting of a lightly-loaded synchronous motor can be 
caused by disturbances such as switching of power circuits 
and changes in load or excitation of the motor itself. Such 
hunting cannot be directly attributed to resonance. The 
principal factor in predicting hunting is the ratio of feeder 
resistance to total feeder reactance (including the series 
capacitor) between the power source and the motor ter- 
minals. If the ratio is less than one and is not negative, 
hunting is unlikely... Violent hunting of a synchronous 
motor was encountered upon application of a series ca- 
pacitor in one instance because the ratio of feeder resistance 
to reactance was approximately four. 

A synchronous motor, when fed through a long line 
excessively compensated by a series capacitor, may hunt 
if started during periods of light load. Such hunting is 
avoided if the power-factor angle of the load (after the 
motor is started) is equal to or greater than the impedance 
angle of the circuit (including the capacitor). The tang- 
ent of this impedance angle is the ratio of total circuit re 
actance (feeder reactance minus capacitor reactance) to 
feeder resistance. 

Hunting is not limited to synchronous motors. Series 
capacitors should not be applied to circuits supplying 
either synchronous or induction motors driving reciprocat- 
ing loads such as pumps or compressors. In addition to 
problems of sub-synchronous resonance, the motors once 
started may hunt, causing objectionable light flicker. The 
frequency of hunting is sometimes equal to, or a direct 
multiple of, the frequency of power pulsation, which | 
further aggravates the situation. A cure for hunting may; 
be the installation of a heavy flywheel to increase the ; 
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Fig. 40—10 000 Kvar series capacitor in 66-kv line showing 
large capacitor housings with somewhat smaller housings for 
parallel resistor units. 


rotating mass. However, this solution may enhance the 
possibility of sub-synchronous resonance, which is equally 
undesirable. 


IX. 10 000-KVAR SERIES CAPACITOR 


A 10 000-kvar series capacitor is in service on a 66-kv 
radial cireuit having a rated load of 500 amperes. Each 
phase of this capacitor bank consists of 240 standard 15- 
kvar, 2400-volt units, divided into 3 groups connected in 
series. Each group, which contains 80 units in parallel, 
is protected by its own gap and accompanying by-pass 
thermal switch. 

This series capacitor, Fig. 40, was installed because the 
desired voltage improvement is obtained more efficiently 
and at less cost than by any other method. The principal 
function of the bank is to improve the voltage level and 
decrease flicker voltage at a steel plant where the bulk of 
the load consists of four 10 000-kva electric-arc furnaces. 
The heaviest load normally encountered is approximately 
37 000-kva at about 78 percent power factor. The change 
in voltage conditions effected by the series capacitor is 
shown in Fig. 41, which indicates that the fluctuations are 
reduced and the average voltage level during periods of 
peak load is increased about 10 percent. Before installa- 
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Fig. 41—Voltage conditions at the steel-mill bus (a) before 
and (b) after the series capacitor was installed. 
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tion of the capacitors, the voltage at the bus dropped from 
12 000 volts at no load to 10 000 at full load. The full-load 
voltage is now about 11 300 volts. Furthermore, voltage 
conditions at the tapped point (Fig. 42), which was pre- 
viously used only as an emergency supply to a nearby 
town, are so improved that this source now provides every- 
day power service. 

The serics capacitor compensates for 57 percent of the 
total circuit reactance up to the L1-kv steel-plant bus. This 
decreases by over 50 percent the magnitude of the change 
in voltage level during periods of heavy load and also 
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10 PM 


8 PM 


Fig. 42—Voltage conditions at tapped load point (a) before 
and (b) after the 10000-kvar, 66-kv series capacitor was 
installed. 


reduces flicker voltage. However, the capacitor compen- 
sates for 100 percent of the total reactance up to the 
tapped load point. Asa consequence the change in voltage 
level is reduced even more (about 80 percent) than at the 
steel-mill bus. Furthermore, the sudden fluctuations at 
the tapped point are almost entirely eliminated. 

In addition to the furnace load the steel plant has 
several motors, the largest being a 4000-hp wound-rotor 
induction motor. A 400-ohm resistor across the capacitor 
gives sufficient damping for successful motor starting and 
prevents self-excitation or sub-synchronous resonance. 
Such phenomena sometimes occur when large motors 
(relative to the circuit rating) are started through a feeder 
containing a series capacitor. The resistor, because of its 
continuous losses, is undesirable but experience has in- 
dicated that it is essential for successful motor starting. 

This large series capacitor has been successful. Had a 
synchronous condenser been installed at the load instead of 
a series capacitor, the initial cost would have been at least 
doubled and the continuous losses would have been much 
greater. The installed cost of such a capacitor is estimated 
to be about sixteen dollars per kilovar. 


X. PROGRESS OF SERIES CAPACITORS 


About 100 installations of series capacitors are in service 
on power circuits throughout the United States. The 
best results are obtained where there are no relatively large 
motors and where the capacitive reactance provided by 
the series capacitor is less than the inductive reactance of 
the circuit up to the principal load point. 


264 


Good results have been obtained with capacitors in 
circuits supplying electric-are furnaces, one of the worst 
types of industrial loads. Series capacitors are ideal for 
resistance-welding devices where they can reduce the kva 
demand by 50 to 75 percent. Welders can be provided 
with built-in capacitors. If a series capacitor is applied to 
an existing welder, modifications to the welding trans- 
former must be made to prevent excessive current flow. 

While most of the improper operations of series capaci- 
tors are due to the fact that circuits with series capacitance 
resonate at some frequency, some trouble with protective 
devices has been encountered. But with new developments 
and information and experience gained on recent applica- 
tions, more reliable performance is now expected. Some 
types of equipment should not be supplied through series 
capacitors because of difficulties that at present cannot be 
overcome. Overcompensation except in very special cases 
should be avoided as it produces undesirable results. 

Twenty years ago shunt capacitors were used to a very 
limited extent. Today thay have been universally ac- 
cepted as practical, reliable, and economical solutions to 
many problems involving voltage level, power-factor cor- 
rection, equipment loading, etc. Many shunt capacitors 
rated over 5000 kva and a few over 10000 kva are in 
operation. Undoubtedly the same evolution is now in 
process with series capacitors. Several series capacitors 
rated over 1000 kva and one installation of 10000 kva 
have been installed. Perhaps the “‘ice’’ has been broken 
and other large installations will follow. Experience gained 
on the 10 000-kva installation certainly indicates that 
large series capacitors applied carefully are economical 
and successful in operation. Still further progress is likely 
to result from studies now being made on the application 
of large series capacitors to extra-high-voltage transmis- 
sion lines. A large series capacitor is now being installed 
and tested in a 230-kv line in the Pacific Northwest. 
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CHAPTER 9 
REGULATION AND LOSSES OF TRANSMISSION LINES 


Original Author: 
G. D. McCann 


r \HIS chapter deals with problems relating to the 
performance of transmission lines under normal 
operating conditions. The analytical expressions for 

currents and voltages and the equivalent circuits for trans- 

mission lines are first developed for “short” lines and for 

“long” lines (where the effects of distributed line capaci- 

tance must be taken into account). A simplification is pre- 

sented in the treatment of long lines that greatly clarifies 
their analysis and reduces the amount of work necessary 
for calculations. Problems relating to the regulation and 
losses of lines and their operation under conditions of fixed 
terminal voltages are then considered. The circle diagrams 
are developed for short lines, long lines, the general equiv- 
alent m circuit, and for the general circuit using ABCD 
constants. The circle diagrams are revised from the previ- 
ous editions of the book to conform with the convention 
for reactive power which is now accepted by the American 

Institute of Electrical Engineers, so that lagging reactive 

power is positive and leading reactive power is negative. 

When determining the relations between voltages and cur- 
rents on a three-phase system it is customary to treat them 
on a “per phase” basis. The voltages are given from line 
to neutral, the currents for one phase, the impedances for 
one conductor, and the equations written for one phase. 

The three-phase system is thus reduced to an equivalent 

single-phase system. However, vector relationships be- 

tween voltages and currents developed on this basis are 
applicable to line-to-line voltages and line currents if the 
impedance drops are multiplied by ./3 for three-phase 
systems and by 2 for single-phase two-wire systems. 
Most equations developed will relate the terminal con- 
ditions at the two ends of the line since they are of primary 
importance. These terminals will be called the sending end 
and receiving end with reference to the direction of normal 
flow of power, and the corresponding quantities designated 
by the subscripts S and R. 


I. EQUIVALENT CIRCUITS FOR 
TRANSMISSION LINES 


1. Short Transmission Lines 


For all types of problems it is usually safe to apply the 
short transmission line analysis to lines up to 30 miles in 
length or all lines of voltages less than about 40 kv. The 
Importance of distributed capacitance and its charging 
Current varies not only with the characteristics of the line 
but also with the different types of problems. For this 
reason no definite length can be stipulated as the dividing 
Point between long and short lines. 


Revised by: 
R. F. Lawrence 


Neglecting the capacitance a transmission line can be 
treated as a simple, lumped, constant impedance, 


Z=R+jX =zs=rs+yjus 
Where 
z=serles impedance of one conductor in ohms per mile 
r* = resistance of one conductor in ohms per mile 
x* =inductive reactance of one conductor in ohms per 
mile 
s=length of line in miles 
The corresponding “per phase” or equivalent single-phase 
circuit is shown in Fig. 1 together with the vector diagram 


Z=2zs2(r+jx)s 


Z=R+jX 


Es 
} —_—— t jIx 
I E 
Es Ep = R IR 


EQUIVALENT TRANSMISSION 
CIRCUIT TO NEUTRAL 


Fig. 1—Equivalent circuit and vector diagram for short trans- 
mission lines. 


relating the line current and the line-to-neutral voltages at 
the two ends of the line. 

The analytical expression for this relationship is given 
by the equation: 


Es=ErR+Z1 (1) 


Throughout this chapter, the following symbols are used: 
E—is a vector quantity 
E—4s the absolute magnitude of the quantity 
E—ts the conjugate of the vector quantity 


2. Long Transmission Lines 


The relative importance of the charging current of the 
line for all types of problems varies directly with the volt- 
age of the line and inversely with the load current. To 
appreciate this fully it is necessary to consider the analysis 
of “long” lines. 

A “long” transmission line can be considered as an in- 
finite number of series impedances and shunt capacitances 
connected as shown in Fig. 2. The current Ig is unequal to 
Is in both magnitude and phase position because some 
current is shunted through the capacitance between phase 

*These quantities can be obtained from the tables of conductor 
characteristics of Chap. 3. 
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I 1 
_& R+j]X R 
Es : x’ } t ; : Ep 
SENDING RECEIVING 
END END 


Fig. 2—Diagram representing long transmission lines, 


and neutral. The relationship between F's and Fg for a 
“long” line is different from the case of the short line be- 
cause of the progressive change in the line current due to 
the shunt capacitance. If Zs and Ip are considered as 
phase-to-neutral voltages and 7s and I, are the phase cur- 
rents, the classical equations relating the sending-end volt- 
ages and currents to the receiving-end quantities are: 


Es=Ex cosh (Va) + Ing? sinh (sV zy) (2) 


fgets sinh (sVzy)-+Ip cosh (sV zy) (3) 


The susceptance, y, heretofore has been used most fre- 
quently in these expressions. However, with the advent of 
the new form of tables giving characteristics of conductors, 
the shunt-capacitive reactance is obtained as a function of 
the conductor size and equivalent spacing. The reciprocal 
of y, which is 2’ is therefore a more convenient quantity to 
use. For this reason the concept of shunt-capacitive re- 
actance is used throughout this chapter. Eqs. (2) and (3) 
then become: 


Bs~ Ba eost(s,/2) + favz7' sinh (e/2) 


Is ss sinh (s)/3)+0 cosh (s,/2) (5) 
V 22! z z 


where z is the series impedance of one conductor in ohms 
per mile, 2’ is the shunt impedance of the line in ohms per 
mile, s is the distance in miles. 
2! = —jr'(10)6 
z’*=capacitive reactance in megohms per mile. 


Equations (4) and (5) can be written conveniently in 
terms of the conventional ABCD constants.‘ For the case 
of a transmission line the circuit is symmetrical and D is 
equal to A. (Refer to Chapter 10, Section 21 for definition 
of ABCD constants.) 


Eg=AER+Ble (6) 

Is=CER+DIg=CER+Ale (7) 

ER=AEs—BlIsg (8) 

Ip= —CHs+ DIg= —CEsg+Alg (9) 
where 


z z 

A=cosh («,/) =cosh NE (10) 

*This quantity can be obtained from the tables of conductor char- 

acteristics in Chap. 3. It is given in megohms in tables as it is then 
of the same order of magnitude as the inductive reactance. 
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in which 
, 


Z=zs and Bees 
8 


B=V/z' sinh (s,)/2,)=vzz sinh ./4 (11) 


ee z Ee ot WA 
C=-~—— sinh (s,/2)- sinh [Z 
V 22! z ZZ NZ 


The values of the hyperbolic functions can he obtained 
from tables? or charts? or from evaluation of their equiy- 
alent series expressions 


; 2 ee 7 @? 4 66 
cosh (e4/5)=cost a(t Ete } (13) 


(12) 


LINE LENGTH-WAVE LENGTHS 


Fig. 3—Variation of the real and imaginary components of A, ; 
B, and C for a 795 000 circular mils ACSR, 25-foot equivalent * 
spacing, transmission line. : 
r =0.117 ohm per mile. 
zx =0.7836 ohm per mile. 
a’ =0.1859 megohm per mile. 
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3 
sinh (s,[)=sinh o=(04 FF ey. Bs +) (14) 


Expressed in terms of their equivalent series expansions, 
the ABC constants become 


s=[I4+55 Z a Z Zz 


ae oe +70 3207"" | 


1 
72023 ae 


Z Zs 
=Z\| 1 
f i Va a a soz + | a6 
cone tontiseptapemtaereopet (7 
62’ matt marta ssozt a ) 


The series are carried out far enough so that the ABC 
constants can be determined to a high degree of ac- 
curacy. However, for lines approaching one quarter wave 
length, the series do not converge rapidly enough. In such 
a case it is better to determine the ABC constants for the 
line in two sections and combine them as described in 
Chapter 10, Table 9. 

The ABC constants can be determined easily for any 
length of line by an evaluation of the cosh and sinh func- 
tions using the hyperbolic and trigonometric functions. 
The procedure is outlined briefly here. 


b=s)[F=ati8 


where @ and 8 are in radians. 


cosh 8=cosh a cos 8+ 7 sinh a sin 8 
sinh @=sinh a cos B+ j cosh a sin B 
where: 


cosh Prem in pS 
2 


Eas e 2 

2 

Figure 3 shows the variation of the ABC constants as a 
function of line length for the line of Fig. 18. The real and 


imaginary parts of A, B, and C are shown for a complete 
wave length. 


. € 
sinh a= 


3. The Equivalent 7 of a Transmission Line 


There are several equivalent circuits that represent the 
ubove transmission line equations and thus can be used 
for the representation of transmission lines. One such 
circuit is the equivalent + shown in Fig. 4. 

Referring to this figure the equations relating the 
terminal conditions for this circuit are 


Es = Bat Za( In+Z") 


Zea 


Bs=Bo(14 Fi) + Zod (18) 
Zea os a 
Nc \ 
pee Se 
eq 
Ex ,E 
Igs=Ipn+l Porky 28 ey 
s=Intl,’+Is Hat R 
Ia(Z+3 Ext (1+ ZVI (19) 
Leg Zea Zea 
vA \. nN i 
SSG As eee? 
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SENDING 
END 


RECEIVING 
END 


Fig. 4—Equivalent 7 circuit for representing Iong transmis- 
sion lines. 


By equating like coefficients of the equivalent Eqs. (18) 
and (6) 


Loq= (20) 
Z, 
14+-=3=A (21) 
Za 
Giving for the equivalent impedance Z{, 
B 
Liga a (22) 


Expressed in terms of the corresponding hyperbolic 
functions and their equivalent series the equations for the 
impedances are 


Z_ 2 
Z t 
Zan =i" sinh ie a+ 62" 1202" 
+o ter) =) 
50077 362 35027 
ee eas Se 
a Z 7 12Z’ 7202” 
cosh ,/=,}—1 
Z 
Zs Zs (24) 


aan su) 


30 240Z" 1 207 60024 


4, Equivalent T of a Transmission Line 


Another equivalent circuit for a transmission line is 
shown in Fig. 5. The equations for the impedances of this 
circuit are 


e ANY BP AE 
TQ 12Z’" 120%" = 20 16028 
B1Ze (25) 
+3628 80027 ) 
tes Z. 722 31Z3 
tenant 1- Zt stor 151202 
127Z4 (26) 
* G04 8002 ) 
Ig Zr Zy Ip 
SENDING RECEIVING 
END END 
Es ER 


Fig. 5—Equivalent T circuit for representing long transmis- 
sion lines. 
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5. Comparison of the Equivalent 7 vs. ABCD Con- 
stants 


The choice of the use of the equivalent 7 vs. ABCD con- 
stants in calculating transmission-line constants is largely a 
matter of personal preference. However, each offers cer- 
tain advantages over the other. When the network calcu- 
lator is to be used, it is necessary to set up an actual circuit 
in the form of the equivalent 7. The equivalent 7 affords a 
better physical picture of transmission-line performance 
and makes the comparison between long and short lines 
and the effect of charging current easier to visualize. 

On the other hand, when a problem is to be solved 
analytically, the use of ABCD constants has a definite ad- 
vantage over the equivalent aw because of the availability 
of the independent check: AD-—BC=1. This is partic- 
ularly desirable when other circuits are to be combined 
with the transmission line circuit. 

The equivalent 7 or ABCD constants can be used to rep- 
resent any line, section of line, or combination of lines and 
connected equipment. Either one represents accurately all 
conditions at the two terminals of the system. The equiv- 
alent circuit or ABCD constants being considered here per- 
tains only to a single line or line section. The general 
equivalent circuit and general ABCD constants, if so 
desired, can be determined by the combination of the 
equivalent circuits for the rest of the system as discussed in 
Chapter 10. 


6. Expressions for Transmission Line Constants by 
First Two Terms of Their Series 


When considering the accuracy with which transmission 
line circuit constants need be determined, it should be 
realized that the resistance, inductance, and capacitance of 
a line can rarely be known to within 3 or 4 percent and 
probably never within one per cent. This is due to con- 
ductor sag, its variation with different spans, and the varia- 
tion that exists in conductor spacing together with the 
effects of temperature upon conductor resistivity and sag. 
For this reason equations for the above circuit constants 
that are accurate to within 0.5 percent should be satis- 
factory. 

The effect of neglecting all but the first two terms of the 
series in the above expressions can best be shown by con- 
sidering an actual line. For a 300-mile line with 250 000 
circular mil stranded copper and a 35-foot spacing the 
third term in all of the above series expressions is larger 
than normal. 

For this line, from the conductor tables of Chap. 3 

r=0.257 ohms per mile 

x=ta+7—=0.487-+0.431 =0.918 ohms per mile 
vg’ =2x,/ +24 =0.111+0.106 =0.217 megohms per mile 
Z=rs+jes=(77.1+ 7275.4) ohms 


106 

Vin a ae —j723.3 ohms 
Z_77A+j275.4 “ 
== SE 0 . 

2 798.3 0.3807 + 70.1066 
Z ei 

gaz 0-1335 — 0.08117 


For the third term in the series expression for A 
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Zz 

2472 

This term is thus about 0.6 percent of one (the first term), 
For the third term in the expression for Z7. 


0.0056 — 30.0034 


Zz: 
Poz?> 0.0011 —j0.00067 
which is about 0.1 percent of one (the first term). 

Yor all the rest of the constants the term is less than 
0.1 percent. 

Since these terms vary with the fourth power of the 
length of the line, they decrease rapidly for lines less than 
300 miles in length and ean be neglected. lor instance for 
a 150-mile line the terms are one-sixteenth as large as for 
a 300-mile line. 

Thus the above transmission line constants can be ex- 
pressed sufficiently accurately by the following equations 
which were derived from Eqs. (15), (16), (17), (23), (24), 
(25), and (26) by neglecting all but the first two terms of 
each series expression. 


Ae oa ae @7) 
B=Lu= 100rs( = aay) 
ue jnoors( 1 = as + a) (28) 
=e eee 
tue P2[ (1-28) ]or 60 
Zr= s0rs( 1 - =) 
+9 5025( 1 i. sort min) eo) 
ai=—F5| (tenor) “eoae 


In these equations: 
S=length of line in hundreds of miles. 
x and,r are in ohms per mile, and x’ in megohms per mile. 


7. Simplified Method of Determining the Imped- 
ances of the Equivalent 7 Circuit for Transmis- 
sion Lines 


The following method greatly simplifies the determina- 
tion of the impedances of the equivalent 7 circuit and still 
enables them to be determined to within 0.5 percent for 
all practical power transmission lines. 

Equations (28) and (30) can be expressed in the follow- 
ing form: 


Zeq= 100rSK,+j1002SKx (33) 
Zhan — FE (eet ja) 104 (34) 
where 
as? 
es, eee 35 
Kn - oe (33) 


eats, —. 
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Sfx r 
ei 36 
a(S =) 620) 
82 
kp= 1-2 7 
: 1200’ ey) 
rS? 
* 12002 38) 


Examination of the above equations shows that for a 
given line, the factors K,, Ky, and k, differ from 1 by a 
term that is proportional to the square of the length of the 
line. However, a study of the characteristics of lines which 
it is economical to build and that have been built in the 
United States reveals that for a given length the variance 
of these correction factors from a mean is very slight. In 
addition, it is only the lines with smaller conductor sizes 
and equivalent spacings for which the correction factors 
vary appreciably. 


TABLE 1.— MINIMUM CONDUCTOR SIZES AND SEPARATIONS FOR 
WHICH THE MEAN VALUES OF THE CORRECTION FACTORS 
ARE APPLICABLE TO AN ACCURACY OF WITHIN ONE- 
HALF OF ONE PERCENT” 


Length of Line 


in Miles 50 75 150 200 300 
G.M.D. (ft.) 3 6 6 10 14 
Copper Cables 6 2 300 000 500 000 
A.C.S.R. ! 1 000 500 000 795 000 
An Hollow 
Cu. Cable 00 = §=00 00 300 000 500 000 
Gen. Cable 
Type HH 000® 000 000 300 000 500 000 


“) Conductor sizes are in cir, mils or AWG, 
@) Smallest sizes made. 


Table 1 gives minimum conductor sizes and spacings for 
various lengths of line for which the use of mean correction 
factors will give sufficient accuracy. For lines up to 300 
miles in length with conductor sizes and spacings equal to 
or greater than given by this table, the use of mean values 
for K,, Kx, and k, gives an accuracy of within 0.5 percent. 
The correction factor /, is never greater than about 0.005 
and can be neglected. Thus, the shunt impedance Zj, 
can be considered as a pure capacitor. 

In Fig. 6 are plotted the curves for K,, Kx, and k, as a 
function of line length. The values on these curves con- 
form to those of the most common type of line construc- 
tion that is used for a given line length. Thus, in most 
cases the use of these values will give an accuracy con- 
siderably better than 0.5 percent. The factors can also 


TABLE 2— EXPRESSIONS FOR THE CORRECTION FACTORS FOR 
THE EQUIVALENT 7+ IMPEDANCES 


Correction Values for Line Lengths up to 
Factors 50 Mi. | 75 Mi.| 100 Mi. | 200 Mi. | 300 Mi. 
Ky 1—0.0141 S? 
Ky | 1 | 1—0.0069 S? 
ky 1 | 1—0.0035 S? 
Ke a 0 


S is the length of the line expressed in hundreds of miles. 
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Fig. 6—Correction factors for the equivalent 7 transmission 
line impedances and ABC constants at 60 cycles, 
S =length of line in hundreds of miles. 
r =conductor resistance in ohms per mile. 
x =inductive reactance in ohms per mile. 
x’ =capacitive reactance in megohms per mile. 


be expressed to sufficient accuracy as parabolic equations 
of the type 1—KS?. In Table 2 are tabulated the cor- 
rection factors expressed in this form. The curves con- 
structed from these equations conform closely to the curves 
of Fig. 6. Table 2 shows that K, can be considered as 1 up 
to 50 miles, K, as 1 up to 75 miles, and /, as 1 up to 100 
miles. Since in practically all cases the individual sections 
of line to be considered are not over 100 miles long, the 
correction factors can be neglected entirely if an accuracy 
of better than 114 percent is not desired. The largest 
deviation from unity is in K, which at 100 miles is only 
1.4 percent. 

Example 1—As an example of the use of this method 
in determining the equivalent 7 of a transmission line, con- 
sider a three-phase, 60-cycle, 230-mile line of 500 000 
circular mil stranded copper conductors at an equivalent 
spacing of 22 feet. 

From the Tables of Chap. 3 


r=0.130 ohms per mile 
x=0.818 ohms per mile 
x’ =0.1917 megohms per mile 


From the curves of Fig. 6 for a 230 mile line 


K, = 0.931 
K,. =0.964 
k,=0.982 


From Eqs. (33) and (34) or Fig. 6 
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Zeq = (0.130) (230) (0.931) +7(0.818) (230) (0.964) 
= (27.8+j181.4) ohms 
.2(0,1917) 
Leg = J (0.982) (104 
ea= J 339 (0.982) (104) 
Zeq= —J1635 ohms 
The equivalent circuit for this line is shown in Fig. 13. 


8. Adaptation of Simplified Method of Determining 
Equivalent 7 to Determining ABC Constants 


‘The foregoing method can be adapted with an acceptable 
degree of accuracy to determining the ABC constants of a 
transmission line. The ABC constants of the line should be 
determined by a more accurate method if the line is to be 
combined with other circuit elements. Eq. (27) can be 
written as follows: 


A=Ky+j-(1—Ky) (39) 
2S? 
where K,=1- 5000" 


Since K, is the same form of correction factor as K, (Eq. 
(35)), a new curve for the correction factor can be plotted 
as shown in Fig. 6. The constant A is readily obtained 
from the correction factor K, and Eq. (39). The constant 
B is equal to Z.q and is determined through the use of the 
correction factors K, and K, of Fig. 6. 

From Eqs. (16) and (17) it can be seen that 


C= B_ BxXx10-° 
ZZ’ xx’ ~jrx’ 


(40) 


where 
r=conductor resistance in ohms per mile. 
xz=inductive reactance in ohms per mile. 
zx’ =capacitive reactance in megohms per mile. 
Example 1(a)—Determine the ABC constants of the 


transmission line of example 1. 
From the curves of Fig. 6, for a 230-mile line 
K,=0.897 
From the curve for K, of Fig. 6 and from Eqs. (39) and 
(40) 
0.130 
A =0.897 +I9 818" —~0.897) 
=0.897 +)0.0164 
B=Z.q=27.8+j181.4 ohms (from example 1) 
C= (27.8-+7181.4) (1078) 
(0.818) (0.1917) —7(0.130) (0.1917) 
= —0.00000639+-70.001156 


II. REGULATION AND LOSSES 


9. Analytical Solution for Voltage Regulation of 
Short Lines from Known Receiver Conditions 


The commonest type of regulation problem is one in 
which it is desired to determine the voltage drop for known 
receiving-end conditions. For the solution of this problem 
it is More convenient to make ER the reference vector as 
shown in Fig. 7(a). Unless denoted by the subscript L all 
voltages will be taken as line-to-neutral voltages. If line- 
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LAGGING POWER FACTOR LEADING POWER FACTOR 


(b) FOR KNOWN SENDING END CONDITIONS 


Fig. 7—Vector diagrams for determining voltage regulation of 
short lines. 


to-line voltages are applied to the following voltage equa- 
tions the impedance drop must be multiplied by /3 for 
three-phase lines or by 2 for single-phase lines. 

In the following equations, (41) through (61), the segn of 
the power factor angle @, depends upon whether the current 
ts lagging or leading. For a lagging power factor, ¢ and sin 
are negative; for a leading power factor, ¢ and sin @ are 
positive. The cos of is positive for either lagging or leading 
current, 

Ex=Eg=reference 
I=I cos @rtyl sin dr 
Z=R47X =rs+yus 


Es=EpytIZ (41) 
or 
Es=(Eg+IR cos ¢x—IX sin br) +j(LX cos or 
+IR sin dp). (42) 


Tn magnitude 


Es=V (Ext coson—LX sin a)? (7X cosoetl Rsin day 

(43) 
_ If the TR and 7X drops are not over 10 percent of Ep, 
E's can be determined for normal power-factors to within a 
half percent by neglecting its quadrature component. 


Then 


Es=Eg+IP cos ¢a—[X sin dr (44) 


The voltage regulation of a line is usually considered 
as the percent drop with reference to Er. 
100(#5—E) 


R 


Percent Reg. = (45) 
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For exact calculations formula (43) can be used with 
Eq. 45. 

Using the approximate formula (44) Eq. 43 can be 
written 


Percent Reg. = ~ 


(r cos @g—< Sin dg) (46) 


R 
The load in kva delivered to the receiving end of a 
three-phase line is given by the equation 
KVA = shed _ V8bul 
1000 =: 1000 


where E’;, is the line voltage at the receiving end. 
The regulation expressed in terms of the load and the line- 
to-line voltage can be written 
__ 100 100 000(kva)(s) 
EY 


‘These equations show that the amount of load that can 
be transmitted over a given line at a fixed regulation varies 
inversely with its length. Using the regulation calculated 
from these equations to determine the recéiver-end voltage 
will give this quantity to 14 percent if neither the resist- 
ance nor reactive drops exceed more than 10 percent of the 
terminal voltage. The percentage variance of the regula- 
tion from its own correct value, however, may be great, 
depending upon its actual magnitude and for this reason 
such equations are not accurate for determining load limits 
for fixed regulations. 

Example 2—The use of these equations can be illus- 
trated by calculating the regulation on a three-phase line 
five miles long having 300 000 circular mil stranded copper 
conductors at an equivalent spacing of four feet and carry- 
ing a load of 10000 kva at 0.8 power-factor lag and a 
receiver line voltage of 22 000 volts. 

r=(.215 ohms per mi and x=0.644 ohms per mi. 

Applying Eq. (48) 
Percent Reg. = 

(£00 000) (10.000) (5) 

(22 000)? 

Reg. =5.8% 


(47) 


Percent Reg. 2) (r cos $g—= sin dp) (48) 


[ «2s (0.8) ~ (0.614)(—0.6) | 


10. Voltage Regulation of Short Lines from Known 
Sending-End Conditions 
To calculate the receiving-end voltage from known 
sending-end conditions it is more convenient to use Hg as 
the reference vector as shown in Fig. 7(b). For this case 
Eg =.= reference 


Bas Es—IZ (49) 
Ex=(Es—IReosds+1X sings) —j(1X cosos +1 Rsinds) 
(50) 
Ex=V (Es—IR cos@s+IX sings)?+(LX cosdst+l Rsinds)? 
: (51) 
Neglecting the quadrature component of Er: 
Ex=Es—IR cos ds+IX sin os (52) 


11. Problems Containing Mixed Terminal Condi- 
tions 


Sometimes problems are encountered in which mixed 
terminal conditions are given, such as load power factor 
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and sending-end voltage, or sending-end power factor and 
receiver-end voltage, and it is desired to determine the 
unknown voltage for given load currents. Such problems 
can not readily be solved by analytical methods. For 
instance, if it were desired to determine the receiver voltage 
from known load power factor, sending end voltage, and 
current, it would be necessary to solve for #p in Eq. (43) 
by squaring both sides of the equation and obtaining a 
quadratic equation for #p. This is somewhat cumber- 
some. Trial and error methods assuming successive values 
of one of the two unknown quantities, are often more con- 
venient. Also, it is sometimes found easier to solve such 
problems by graphical means. The more important prob- 
lems of this type can be solved by use of the Regulation 
and Loss Chart as shown in Sec. 28(d) of this chapter. 


12. Taps Taken Off Circuit 


Quite frequently the main transmission circuit is tapped 
and power taken off at more than one point along the cir- 
cuit. For such problems it is necessary to solve each in- 
dividual section in succession in the same manner as dis- 
cussed above, starting from a point at which sufficient 
terminal conditions are known. 


13. Resistance Losses of Short Transmission Lines 


The total RI? loss of a three-phase line is three times the 
product of the total resistance of one conductor and the 
square of its current. 


Loss=3RI? in watts. (53) 

In percent of the delivered kw. load 
Percent Loss = alee (54) 

Ey cos OR 


It is sometimes desired to determine the amount of 
power that can be delivered without exceeding a given 
percent loss. This is given by 


Cer 
L cos? }r(% Loss) ee 
100 000rs Po) 

This equation shows that the amount of power that can 


be transmitted for a given percent loss varies inversely 
with the length of the line and directly with the loss. 


KW= 


14. Regulation of Long Lines from Known Receiver 
Conditions 


The effect of charging current on the regulation of 
transmission lines can be determined from the equivalent 
w circuit. In Fig. 8(a) are shown the vector diagrams for 
the case of known load conditions. The voltage drop in 
the series impedance Z,, is produced by the load current 


J 
Tp plus the charging current a flowing through the shunt 


eq 
impedance at the receiver end of the line. For a given line 
this latter current is dependent only upon the receiver 
voltage Ep. 
There are two methods of taking this charging current 
into account. One of these is to determine first the net 


current (a=tet Ft *) that flows through Z.q together 


Zz. 


with its power-factor angle ¢.,4 Using the equivalent 
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Er 
leq™ ly +5 
eg hia Zeq 


= * 
slp cos oeri(5. tle sind) Teg 608 Geqt ileg sin beq 


Eg * Eg * leg 2eq 


(a) FOR KNOWN RECEIVING ENO CONDITIONS 


— = 
leq" lg~ Ze, 


=T, cos $, +) [-§ £ Ig sing, yt cot beg t iTyq 21" Oe " 
Zea q qa q 
En Es-leq Zeq 
(b) FOR KNOWN SENDING END CONDITIONS 


Fig. 8—Vector diagrams for determining voltage regulation of 
long lines. 


series impedance Z,q and this current instead of the load 
current all of the analytical expressions developed for 
short lines are applicable. The equivalent terminal con- 
ditions to use are shown in Fig. 8 (a). . 

Example 3—As an example of the use of this method 
consider the line of example 1, operating at a line voltage 
at the receiver end of 110 kv delivering a load current Ip 
of 50 amperes at 0.9 power-factor lagging. 

Ex = (110,000-+70)/+/3 = 63,500+30 
Ip =d0e~?>* = 50[cos (—25.8°)-+7 sin(—25.8°)] 
=45—j21.8 amps 
,_Ex_ 110000470 
Th Zi, 73(— 71035) + 738.8 amps 
Teq= I n+] = 45 —J21.84738.8 =45 4-17 =48.12°" 
Zeq = 27.8+7181.4 = 183.568?" 
Es = 63,500 + (48. 169-7") (183. 5¢/8! 28) 
= 61,700+786 40 


_ *Sine of negative angle is (—), of positive angle is (+). 
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15. Regulation of Long Lines from Known Sending- 
End Conditions 
For this case the equivalent current flowing through 
Ziq can be determined as the difference between Js and 
I§ the current in the shunt reactance at the sending end 
of the equivalent circuit. The vector diagram and equa- 
tions for this case are shown in Fig. 8 (b). 


16. Effect of Line Capacitance on Regulation Ex- 
pressed in Terms of a Correction Factor 


As an alternative method the voltage relations can be 
determined in a form equivalent to adding a correction 
factor to the terminal voltage instead of to the current. 
This method has an advantage in that an average value 
can be taken for this correction factor which is a function 
only of the length of the line. 

Referring to the vector diagram of Fig. 8(a) for known 
receiving-end conditions and lagging power-factor, it -is 
seen that the vector equation for the sending-end voltage 
Es can be written in the following form in terms of the 
load current 7, and receiving-end voltage EH, if the cur- 
rent Ip’ is expressed in terms of Ep: 


Es= (1-F2)Bat Role cos dn—Xelr sin Or 


eq 


+i(+92Bat Kale cos drt Retr sin én) (56) 
ea 


When the quadrature component of £s is neglected, its 
magnitude can be expressed as 


Bs=(1 —F2 Bat Reals c0sén—Xmln sin gn (57) 
eq 
From the same considerations that enabled average 


values to be taken for the correction factors of the equiv- 


alent + impedance discussed in Sec. 7 an average value 


Xeq 

Z., in Eq. (57). 
Xen 9.02018? 

Zea 

where S is the length of the line in hundreds of miles. An 

approximate expression can thus be obtained for the regu- 

lation of long lines similar to that of Eq. (46). 


App. % Reg. = _ RR, costa — Xeq Sine) —2.01:8?(59) 
R 
Similar analysis can be applied to problems involving 

known sending end conditions. A comparison of Eqs. 

(59) and (46) shows that when Z., is used for long lines, 

the equations are of the same form with the exception of 

the correction factor (—2.01S?). For lines up to 100 miles 

in length short line formulas can usually be applied to a 

good degree of accuracy by merely adding this term to the 

result. This, of course, neglects the correction factors Kr 
and Ky for Zeq. 


can be assumed for 


(58) 


17. Determination of Voltage at Intermediate 
Points on a Line 


The voltage at intermediate points on a line may be 
calculated from known conditions at either terminal by 
simply setting up the equivalent circuit for the line be 


Chapter 9 


tween the terminal and the intermediate point. For the 
line thus set up any of the methods given above may be 
used. 


18. Resistance Losses of Long Lines 


The effect of charging current on line losses can be 
treated as in Sec. 14 for regulation. Referring to Fig. 8 
the loss can be considered to be due to the current 
lq=Intln’=Is—Is' flowing through the equivalent 
resistance (Req). 

Thus in terms of the load current 


Loss = 3Req({r+Ir’)? watts (60) 
= 3a] Th 7A sin in Oxt+s Es ‘| watts (61) 
Zea Zoe 


Ill. CIRCLE AND LOSS DIAGRAMS 


Equations for line currents, power, and resistance losses 
can be expressed as functions of the terminal voltages and 
system constants. Such equations and graphical repre- 
sentations of them are found convenient not only for the 
more common types of performance problems but also in 
connection with system stability. The graphic form of 
the power and current equations are very similar and are 
known as “circle diagrams.” Of these the power circle 
diagram is the most important. In the past this diagram 
has been primarily limited in its use to transmission sys- 
tems. However, it is thought that if its simplicity and the 
clarity with which it depicts system performance are 
better understood, it will be applied more frequently to 
both transmission and distribution problems. 


19. Vector Equations for Power 

In previous editions of this book, lagging reactive power 
was considered as negative and leading reactive power 
positive. This conformed to the standard adopted by the 
American Institute of Electrical Engineers at that time. 
The convention has now been adopted as standard by the 
Institute that lagging reactive power be considered as 
positive and leading reactive power negative. Using this 
notation the vector expression for power can be written as 


the product of the voltage and the conjugate of the 
current. 


P+jQ=E1 (62) 
This can be shown with reference to Fig. 9. 
=E cos 0.4jE sin 0. 
I=I cos 6;+j1 sin 6; 
T=I cos 6;—JI sin 0; 
ET=E (cos 6.+j sin 6.)I (cos 8;—j sin 4;) 
=ET [(cos 6. cos 0;+sin 9 sin 6;)+j(sin 6. cos 0; 
—cos 6, sin 6;)] 
since, cos (8.~9;) =cos 9, cos 6;+sin 6 sin 6; 
and sin (8,—6:) =sin 6. cos 6,—cos 9, sin 8; 
EI=ET cos (0.—6;)+jEI sin (6.—4;) 
Let ¢ be 6.—6;; then for lagging or inductive power 
factors ¢ is positive and 


P4+jQ=EI=ET cos ¢4+jEI sin ¢. 
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Fig. 9—Diagram for determining the vector equation for 
power. 


For leading or capacitive power factor, @ is negative and 
the imaginary component will be negative. A complete 
discussion of the direction of the flow of reactive power is 
given in Chap. 10, Sec. 2. 


20. Current and Power Equations and Circle Dia- 
grams for Short Lines 


Using the above notation the per phase power at either 
end of a line is given by the product of the line-to-neutral 
voltage and the conjugate of the current at the particular 
end in question. If Zs is chosen as positive for current 
flowing into the line, positive sending-end power indicates 
power delivered to the line; and if Ip is taken as positive 
for current flowing out of the line, positive receiving-end 
power indicates power flowing out of the line. 


Referring to Fig. 1: 


Ig =Ip=T1 
PstjQs=Esf 
Prt+jQr=Erl 


The current can be expressed in terms of the terminal 
voltage as follows: 


paesy es aise 7a Bso te (63) 
Thus a e 
_. Eshts—E 
PstjQe= ets Bots 
: —Exk R 
PatiQu= Sent Eas 


If Hp be taken as the reference, then Eg =F ge? and 

Esbs =F. EsEz= EsEne®, ExER= R?; and Epgks =EpEs 
e—®, The expressions for sending- and receiving-end power 
become 


EsEne® 
P HB aoe 64 
st+jQs FZ Z (64) 
Ee Babe! . 
PatjQn=— > : a (65) 


The sending and receiving end real and reactive power is 
the sum of two vector quantities. Furthermore, if the 
voltages #s and Ez are held constant, there is only one re- 
maining variable, @. The interpretation of Eqs. (64) and 
(65) in the form of power circle diagrams is an important 
concept. Its simplicity is self evident by referring to Eq. 
(64) and Fig. 10. 


ER 
The first term 3 is plotted as shown on Fig. 10 and is 


the vector to the center of the sending end circle diagram. 
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EsE,eie 
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6 ae 
2, Bg Ae 
CIRCLE oN 


Fig. 10—Power circle diagram for short lines. 


EsEne® .. : 
acd , Which is the radius of the circle 


i. 


The second term — 


is added to this first term so that the resultant is the send- 
ing end real and reactive power. A complete sending end 
circle diagram is obtained by first determining the center 

3 Eshne® 


of the circle from F and second, the radius— 


letting 0=0. 

The receiving-end circle diagram is obtained in the same 
manner. 

Equations (64) and (65) can be reduced in general terms 
to Cartesian coordinate form in which the real and reactive 
parts are separated. However, it is simpler to insert the 
proper numerical values in the vector and conjugate form 
and solve by polar and Cartesian coordinates, from which 
the circle diagrams can then be plotted. 

If Eq. (65) is reduced to Cartesian-coordinate form it 
can be shown that the maximum power that can be re- 
ceived over the line is obtained when @ is equal to 


y=tan7} - the angle of the line impedance. The expres- 


sion for the maximum receiving power is 
Py max= —~ 8p lo (66) 
Zz ZS 
It can also be seen from Fig. 10 that Pg is maximum when 
O=y¥. 
When the line-to-neutral voltages are expressed in volts, 
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the coordinates of the diagram are per-phase real volt- 
amperes and per-phase reactive volt-amperes. When ex- 
pressed in kilovolts, the coordinates become thousands of 
kilowatts and thousands of reactive kilovolt-amperes. 
Total three-phase power is three times the per-phase 
power. All of the expressions for power written contain 
products of hg, #2, or Hshg. When given in terms of 
line-to-line voltages, they are all three times as great as 
when line-to-neutral voltages are used and thus the 
equations then represent total three-phase power. 

Referring to Fig. 10 for the operating condition indi- 
cated by the given angle @ the point A of the power circle 
diagram shows the value of Ps and Qs being delivered to 
the line at the sending end and the point B the value 
of Pg and Qp drawn from the line at the receiver end. The 
difference between Ps and Pp is the RJ? loss of the line 
itself for this operating condition. 

The value of Q at each end is the reactive power which 
must be supplied to the line in the case of the sending end 
or drawn from the line in the case of the receiving end in 
order to maintain the chosen terminal voltages. At the 
receiving end the reactive power drawn by the load itself 
at the particular load power factor may not be equal to 
that required to maintain the desired voltage. If a syn-. 
chronous condenser is used at the receiving end, the dif- 
ference must be supplied by the condenser to maintain the 
voltage. 

It will be noted that for a given network and given 
voltages at both ends there is a definite limit to the amount 
of power which may be transmitted. If the angle @ is 
increased beyond this point, the amount of power trans- 
mitted is reduced. The critical value of 6 for this condition 
was shown by Eq. 66 to be @=y. The only way the power 
limit may be increased for a given network is by increasing 
the voltage at either or both ends. Increasing the voltage 
at one end increases the radius of both circles in direct 
proportion and moves the center at that end only away 
from the origin, along a line connecting the original center 
to the origin, proportional to the square of the voltage at 
that end. Where the network is subject to change, changes 
in network constants will also change the power limit. 
Referring to Fig. 10 and Eq. (66), it is evident that a 
decrease in the magnitude of Z will result in an increase in 
the power which may be transmitted. Thus any change 
which decreases the series impedance such as the addition 
of parallel circuits will increase the power limit. 

Since the conjugate of the phase current, in amperes, is 
the per-phase power in volt-amperes at either end divided 
by the phase voltage at the same end, either the sending- 
end or receiving-end power circles, when placed in the 
proper quadrants, can be used to represent the locus of the 
current with a proper change in scale of the coordinates. 
Referring to the sending end circle diagram of Fig. 10, 
Ps+jQs=El and for the point A, Qs is positive lagging 
reactive power. Therefore the imaginary component of the 
conjugate of the current is positive; the imaginary com- 
ponent of the current is negative. If the power circle dia- 
grams are rotated about the real power axis so that the 
center.of the sending-end circle is in the fourth quadrant 


Bz, 
(F will then be the vector to center), and the center of 
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the receiving end circle is in the second quadrant, then the 
power circle diagrams properly represent the current circle 
diagrams if the appropriate change in scale of the coor- 
dinates is made. Lagging reactive current is negative and 
leading reactive current is positive. 

If the sending-end circle is used the current is referred 
to the sending end voltage as the reference vector and the 
coordinates should be divided by the sending end voltage. 
lor instance, if the sending-end power diagram were con- 
structed using line-to-line voltages in kilovolts resulting in 
power coordinates given in thousands of total three-phase 
kilovolt-amperes, the power coordinates should be divided 
by /3 times the line-to-line sending end voltage in kilo- 
volts giving current coordinates in thousands of amperes. 
Tf the receiving end circle is used, the current is referred to 
the receiving end voltage as reference. For the current 
circle diagrams the angle @ still, of course, refers to the 
angle between the two terminal voltages. 

For a study of the performance of a system it is some- 
times found convenient to plot on the power circle diagram 
a family of circles corresponding to various operating volt- 
ages. The most common case is one in which the line is to 
operate at a fixed receiver voltage and it is desired to de- 
termine the line performance for various sending-end volt- 
aves. For such a case the receiver diagram is usually all 
that is needed. 

Example 4—-An example of this type of problem is 
shown in Fig. 11. There the line constants are given to- 


ANGLE FOR 
LAGGING LOAD 
POWER FACTOR 


RECEIVER 
CIRCLES 


Fig. 11—Family of receiver power circles for a 15-mile line with 
No. 0000-19 strand-copper conductors and 4-foot equivalent 
spacing. 

Receiver voltage Ey =22-kv line-to-line. 

7 =0.303 ohm per mile. 
x =0.665 ohm per mile. 

Z =zs = 10.94 ohms. 
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gether with the quantities for laying out the diagram. 
Since the coordinate of the center of the power circles 
depends only on Zp which is fixed, all the circles have the 
same center but different radii corresponding to the differ- 
ent values of sending end voltages. 

Examination of this figure shows, for example, that the 
maximum load at 0.9 power factor lag which can be carried 
by the line at 5 percent regulation without reactive power 
correction is that indicated by point A or about 2600 kw. 
If it is desired to transmit a load of 5000 kw indicated by 
point B, the regulation would be about 11 percent without 
rkva correction. To reduce the regulation for this load to 
5 percent would require that the receiver and load condi- 
tions be that indicated by the point C, and it is evident 
that about 2400 lagging reactive kilovolt-amperes must be 
supplied to the receiver end of the line to attain this condi- 


tion” by having capacitors or a synchronous condenser 


supply that amount of lagging reactive kilovolt-amperes. 


21. Current and Power Equations and Circle Dia- 
grams for Long Lines 


Representing long lines by their equivalent 7m circuit as 
shown in Fig. 6 results in modifying the form of the simple 
short line equivalent circuit by the addition of the shunt 
capacitive reactances at each end 

Len =Zin eH = ey 


Thus the equations for the terminal currents have an 
additional term as shown in Fig. 8. 


Es—Ex, Es. > Es—EBe, Bs ie 
Is= ;fs=—s =. 6 
: Zea +z : Zea +h Se 

Es—Ep ER ? Es—Ep Ep 
dpe es wri tR=—Z ar yey (68) 
m Lea Zea Lea Lin 


The sending- and receiving-end power is determined in 
the same manner as for the short line. 
Pst+jQs= Esl _ 
_ 3 Esk, , BE} 


set. 69 
Lig Ley. *-libe 09) 
Rewriting Eq. (69) in a slightly different form 
. RE? Rk EsEpe# < 
Psti0s=(F2+5 ) ——— (70) 
Zea Leni Log 
Similarly for receiving end power: 
F OP OF Bak se o 
Prt+jQr= Pt ——. 71) 
nee ( Be as Oe 


A comparison of Eq. (70) with (64), and (71) with (65) 
shows them to be of the same form consisting of a fixed 
vector with a second vector constant in magnitude but 
variable in phase, added to it. The power circle diagram 
can be plotted as shown in Fig. 12. The circle diagram is 
most easily obtained by the numerical and vector substitu- 
tion for the voltages and impedances. The center and the 
radius of the circle can then be calculated by reduction 
using a combination of polar and Cartesian coordinates. 
Example 5 illustrates the method and shows the power 
circle diagrams which are obtained in Fig. 13. 
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Fig. 12—Power circle diagram for long lines. 


In Eqs. (70) and (71) the terms 


2 2 
os and ae 
Bid ye 


are not a function of the angle 6 and therefore add directly 
to the “short line” fixed vector so that the effect is to shift 
the center of the power circles in the direction of volt- 
amperes only. The presence of the shunt reactances 
decreases the amount of positive reactive volt-amperes put 
into the sending end of the line for a given amount of real 
power and increases the positive volt-amperes delivered at 
the receiving end. This decreases the amount of leading 
reactive volt-amperes which would have to be absorbed by 
synchronous condensers or capacitors for a given load 
condition. It does not affect the real power conditions for 
a given operating angle or the load limit of the line. These 
factors are determined entirely by the series impedance of 
the line. 

Referring to Fig. 12, if the radius of the receiving-end 
circle for 6=0 were plotted with the origin as the center, 
the vector would be at an angle y with the real power axis. 
The angle indicated on Fig. 12 is therefore equal to y, 
the angle of the equivalent series impedance. The max- 
imum real power that can be delivered over the line occurs 
when @=y¥. 

The current circle diagrams for the sending- and re- 
ceiving-end currents can be obtained as discussed in Sec. 
20. The sending-end current diagram is obtained from the 
sending-end power circle and is referred to the sending. 
end voltage vector as reference. The receiving-end current 
diagram is obtained from the receiving-end power circle and 
is referred to the receiving-end voltage. 
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Fig. 13_Equivalent circuit and power circle diagram for a 230- 
mile line with 500 000 circular mil. stranded copper conductors 
and an equivalent spacing of 22 feet. 

Operating voltages; Zg=230-kv, Ey, ~200-kv, line-to-line. 
For this line r =0.130 ohms per mile. 

zx =0.818 ohms per mile. 

z’=0.1917 megohms per mile. 
From curves of Fig. 6 for 230 miles 

K,=0.931 

K,=0.964 

k, =0.982 
Zeq = (27.8+7181.4) ohms; Z’oq = —j71635 ohms. 


Example 5—-Fig. 13 shows the power circle diagram 
constructed for an actual line. 

The power circle diagrams are obtained from Eqs. (70) 
and (71). If line-to-neutral voltages in kv are used, the 
results must be multiplied by three to obtain real and re- 
active power in mw and mvar. If the line-to-line voltages 
in kv are used, the results are three-phase power in mw 
and mvar. 


Vector to center = Es + Es 
Leq Lea 
_ (230)? (230)? 
~ 27.8—7181.4 | +71635 
(230)? (230)? 
183.4810" [635 «ne 
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= 288 ¢/8128° 4.32 4 e190" 
= 43.6+ 5284 —732.4 = 43.6+4)251.6 


mm ie 
Radius of the sending end circle = cee for 6=0. 
eq 
230 X 200 ee . 
= — AS = — 251 8" = — 38,0 —j24 
pra-jisia aaa 


Ps+iQs (for @=0) =43.6+ 7251.6 —38.0 —7248 =5.6+ 73.6 
Similarly for the receiving circle: 


Vector to center= Ext _ bn! 
Zea Lea 
— (200)? (200)? , 
27.8—j181.4 +71635 : 
for 6=0, Radius= = 2 = 38.0+j248 


eq 


and Pa+jQrx = —33.0—j190.5+38.0+ 7248 =5.0+757.5 


Figure 13 shows the power circle diagrams plotted from 
the calculated results given above. Suppose it is desired to 
deliver a load of 100 mw at 0.9 power factor lagging; 
ie, P+jQ=100+ 748. From the curves of Fig. 13, for a 
delivered power of 100 mw the angle @ is 23.5°. The fol- 
lowing values from the circle diagrams are Ps +7Qs= 108 
+11 and Pp+jQr= 100+ 720. These values are indicated 
on the diagram of Fig. 14. The arrow indicates the direc- 
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E,=200 kV 


SYNCHRONOUS 
CONDENSER 


Fig. 14—Recorded values of power flow as obtained from 
“Fig. 13 and Example 5. 


tion of positive real power flow. Inductive lagging re- 
active power in the same direction is positive and is the 
value in parenthesis. These designations and nomencla- 
ture follow present-day network calculator practice. 

At the receiving end there is a deficit of lagging reactive 
power. A synchronous condenser operating overexcited 
would be required to supply 28 mvar. If the condenser is 
considered as a load the direction of the arrow can be 
reversed with a minus sign in front of the value for the 
reactive power. The synchronous condenser is then taking 
negative, or leading reactive power. 


22. Current and Power Equations and Circle Dia- 
grams for the General Equivalent 7 Circuit 


The circle diagrams are applicable to the study of the 
performance of an overall system. Such a system can be 
represented by an equivalent 7 circuit of the form shown 
in Fig. 15. For such a case the shunt impedances usually 
are not equal and have resistance components introduced 
by the presence of other equipment containing resistance. 

If the shunt impedances take the completely general 
form of Zs’ and Zp’, the equations for sending- and re- 
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Fig. 15—Power circle diagram for the general equivalent r 
circuit. 


ceiving-end power can be written directly from equations 
(70) and (71). 


. ki +) EsEpe'® " 
P — x = bare aes 2 
otis (f+ gare (72) 
: E2) FE EE pei? 
d P = -33-#) se 73 
an R+JQR ( 2. Ba + Zz. (73) 


The construction of the power circle diagrams is the 
same as for the long lines as shown in Fig. 12. In the case 
of the general equivalent 7, Zs’ replaces Z,.,’ at the sending 
end and Zp’ replaces Z,,’ at the receiving end. The effect 
of resistance and reactance in the shunt branch at the 
sending or the receiving end can be visualized better if the 
impedance is expressed in Cartesian coordinate form. 
Referring to Eq. (72), the second quantity in the first term 
becomes 


BS___ 3 _ ERS BBX (74) 
Zs Rs -jXS ZY Ze 
This quantity is added to the “short line” vector to center, 
Es 
Boy 


This point as applied to the sending end circle diagram 
is illustrated in Fig. 15. The complete vector to center is 
‘ 2 


2 O#d 
shown as == +>, as the sum of the two individual vector 
eq Zs 5 
quantities, and as the sum of the vector Es and the Car- 
ie = eq 
EsRs and 7 EeXs 
ZS Zs 


tesian coordinates 
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Referring to Fig. 15 and Eq. (74) the effect of resistance 
is to shift the center of the circle in the direction of in- 
creased positive real power. A positive reactance shifts the 
center in the direction of increased positive reactive power; 
a negative reactance shifts the center in the direction of 
decreased positive reactive power. 

In the case of the receiving-end circle diagram, the effect 
of resistance is to shift the center of the circle in the 
direction of increased negative real power. A positive 
reactance shifts the center in the direction of increased 
negative reactive power; a negative reactance shifts the 
center in the direction of decreased negative reactive 
power. 

The current circle diagrams for this case can be de- 
termined as discussed in Secs. 20 and 21. 


23. Loss Diagram 


Although the resistance loss can be taken from the power 
circle diagram, it can be obtained more accurately and 
conveniently from the Loss Diagram. 


Loss= Ps— Pp 


For the case where the transmission line alone is being 
considered 

BR 

Loss ==-R— 

Zz: 


SR cos @—X sin 6) 


4 Eip Hsin 


Vi VA 


(R cos 0+X sin 4) 


(75) 


The graphical representation of this equation is given in 
Fig. 16. 


Fig. 16—The transmission line loss diagram (when solving for 
general equivalent 7 loss, substitute Req for Rand Z., for Z). 


For the general equivalent 7 circuit, the equation for 
loss is 


a>, Fe |e, ES 
Loss = Bi+ By e+ ebay Fy 
| aia); Pa 2) ld 
Ei ., bale 
+ pitt 2 gz Re cos 0 (76) 
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As shown by Fig. 16 this is equivalent to the formula for 
the loss on the transmission line alone except for the terms 
E2 1, ER, : ; 
ws dyke which represent the losses in the 
resistance components of the shunt impedances Z§ and 
ZR: 

As was the case for the previous power equations, if 
line-to-neutral voltages are used, the loss is on a per 
phase basis; and if line-to-line voltages are used the total 
three-phase loss is represented. 

An equation for the load which can be delivered at a 
given percent line loss on lines regulated by synchronous 
capacity is important in determining their performance. 
Upon the assumption of equal sending- and receiving-end 
voltages a very simple approximate equation can be de- 
rived which gives an accuracy of a fraction of a percent over 
the practical operating range of loss and regulation. When 
loss is expressed as a percentage of Pr, this equation is: 


Pes % Loss Fea (7) 
(100-+% Loss) | RegZd, 
A corresponding equation for Qp is 
my | X % Loss 1 
a ae 
eens 073 100 / Xi “) 


Pr in Eq. (77) is, of course, independent of the load 
power factor and from Eq. (78) the required amount of 
synchronous capacity to maintain equal sending- and 
receiving-end voltages for the delivered load Pr can be 
obtained by subtracting the reactive kva of the load 
from Qr. 


24. Current and Power Relations in Terms of the 
ABCD Constants 


In many cases it is desirable to use ABC'D* constants 
because of the desirability of the check AD~BC=1. This 
is particularly true where there are several combinations of 
circuits including transmission lines, series impedances and 
shunt impedances. Expressions for sending and receiving 
end power can be obtained readily and the circle diagrams 
can be drawn. 


Hs=AEp+ Ble (79) 
Ig=CEpt+DIp (80) 
Erp=DEs—BlIs (81) 
Ip=—-CEstAls (82) 
Solution of the above equations for Is and Ip gives: 
Di, Er.; Dp, Ep : 
Is=—k —~—;1 = shs——. (83 
BT Re 8 Bo 8 ap ) 
Fs A, .> Es A 
In=—-—=Er; fr==—=FPn. 84) 
R B B R R BR B R ( 
Pst+jQs=Esls 
4D Eskp 
= Esk s——— 
"BOB 
2 f oR 8 
a? = Eons (85) 
B B 


*For definition of ABCD constants see Chap. 10 Sec. 21. 
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PatjQn=Ealr 

A Eps 

=-——_f B + R“#¥§ 
aaaae 

TR A Epbse-# 
=—h? =+ Ps 
*B B 


(86) 


where 
A=A\4j4.=Aejz; A=A,—jA,=Ae je 
B=B,+jB.=Be® B=B,—jB,=Be'8 


D=D,4+jD.=De®  D=D,—jD,=De-# 


The sending- and receiving-end power can be obtained 
readily from solution of Eqs. (85) and (86) by numerical 
substitution using polar and Cartesian coordinates. Eqs. 
(85) and (86) take the familiar form (see Sec. 20) of a fixed 
vector plus a vector of constant magnitude but variable in 
phase position. The circle diagram construction is shown 
in Fig. 17. The maximum real power that can be de- 
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Fig. 17—Power circle diagram in terms of ABCD constants. 


livered occurs when §=8, which is the angle of the con- 
stant B. The angle 8 is indicated on Fig. 17. 
A breakdown of Eqs. (85) and (86) into their Cartesian 
coordinate form gives the equation for loss in the form — 
Loss = Ps—Pr= : 
EB EB 2E sE RB, cos 0 
“pe (Bist BaDs) +8 (Bids t Bods) — ROSE 


(87) 
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Further discussion of the use of ABCD constants and 
power angle diagrams is given in Chapter 10, Sec. 21. 


IV. TYPICAL TRANSMISSION 
LINE CHARACTERISTICS 


Inany detailed analysis of power flow, voltage regulation, 
and losses involving a transmission line circuit, each line 
should be considered individually with regard to its 
specific characteristics. However, for rough approxima- 
tions there are certain rules of thumb that apply to an 
“average” line and that can be used for orientation 
reasons. 

A study was made of recently constructed transmission 
lines in the United States in the voltage range from 69 to 
230 kv and Table 3 shows the results. This table is a good 
representative cross section of existing lines and gives im- 
portant characteristics of typical lines. The conductor 
sizes, spacings, and type of tower construction represent 
the most common usage. For the middle value of spacing, 
the characteristics of the aluminum conductor and its 
copper equivalent are given to illustrate the difference 
between types of conductors. In previous years, copper 
conductors were used more frequently although the present 
trend seems to be toward the use of ACSR conductors. 
The spacings given were modified slightly in some in- 
stances so as to follow a smooth curve of spacing vs. 
voltage for the different types of construction. Regarding 
the type of construction, it appears that the particular 
locale dictates the material used. As a matter of fact, in 
certain sections of the world reinforced concrete poles are 
used because of the unavailability and high cost of either 
steel or wood. 

The 60-cycle series reactance in ohms per mile is given 
for each line in the table. The average of these values is 
0.7941 ohm per mile, which indicates that the rule of 
approximately 0.8 ohm per mile for a transmission line is 
applicable. Frequently, it is desired to know the per- 
cent reactance per mile of a line and for convenience this 
value is also given. The percent reactance varies directly 
with the kva base so that for some base other than 100 
mva, the percent reactance can also be determined con- 
veniently. 

As previously mentioned, the use of susceptance is less 
at present because of the manner in which tables of con- 
ductor characteristics are given. The shunt-capacitive 
reactance in megohms per mile is therefore included in this 
table. The susceptance can be determined by taking the 
reciprocal of the shunt-capacitive reactance. The suscept- 
ance is in micromhos per mile. Shunt-capacitive react- 
ance varies inversely with the distance in miles. 

The average value of the shunt capacitive reactances in 
Table 3 is 0.1878 megohm per mile. A good rule is that 0.2 
megohm per mile may be used for the shunt-capacitive 
reactance. It is significant to note that regardless of the 
voltage, conductor size, or spacing of a line, the series 
reactance and shunt-capacitive reactance are respectively, 
approximately 0.8 ohm and 0.2 megohm per mile. 

The charging kva per mile of line is a convenient value 
for reference and is given in column 9 of the table. This 
value varies with the voltage of the line. Some convenient 
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TABLE 3. TYPICAL TRANSMISSION LINE CHARACTERISTICS AT 60 CYCLES 

Reactance Per Phase Shunt- Surge- 

Conductor Resist- Per Mile Capacitive | Three | Surge | Impedance 
Circuit Size ance at Reactance | Phase |I[mped-| Loading 
Voltage Thousands Tower Equiv. | 50°C Ohms % on 100 Megohms {Charging} ance (SIL) in 

Kv of Cir. Mils Construc- | Spacing | Per Phase Mva, Three | Per Phuse |Kva Per! Ohms | Three Phase 

L-L or AWG tion* Feet Per Mile Ohms Phase Base Per Mile Mile L-N Kw 
69 2/0 Cu SC-W** 8 0.481 0.7843 1.64 0.1822 26.1 378 12 600 
69 336.4 ACSR DC-ST ll 0.306 0.7420 1.55 0.1750 27.2 360 13 200 
69 4/0 Cu SC-W 14 0.303 0.8112 1.70 0.1902 25.0 393 12 100 
69 336.4 ACSR SC-W 4 0.306 0.7712 1.61 0.1822 26.1 375 12 700 
69 336.4 ACSR SC-ST 19 0.306 0.8083 1.69 0.1913 24.9 393 12 100 
115 336.4 ACSR DC-ST 13 0.306 0.7622 0.57 0.1800 TA.7 370 35 700 
115 4/0 Cu SC-W 17 0.303 0.8348 0.631 0.1960 67.5 404 32 700 
115 336.4 ACSR SC-W 17 0.306 0.7948 0.601 0.1880 70.4 386 34 200 
115 336.4 ACSR SC-ST 22 0.306 0.8261 0.624 0.1956 67.6 402 32 800 
138 397.5 ACSR DC-ST 15 0.259 0.7636 0.401 0.1809 105. 371 51 200 
138 250 Cu SC-W 18 0.257 0.8317 0.436 0.1952 97.6 404 47 100 
138 397.5 ACSR SC-W 18 0.259 0.7857 0.412 0.1864 102. 382 49 800 
138 397.5 ACSR SC-ST 24 0.259 0.8206 0.4380 0.1949 97.7 399 47 600 
161 397.5 ACSR DC-ST 17 0.259 0.7788 0.300 0.1847 140. 379 68 400 
161 250 Cu SC-W 19 0.257 0.8383 0.323 0.1968 132. 406 63 800 
161 397.5 ACSR SC-W 19 0.259 0.7923 0.305 , 0.1880 138. 386 67 200 
161 397.5 ACSR SC-ST 25 0.259 0.8256 0.318 0.1961 132. 402 64 400 
230 795 ACSR DC-8T 22 0.1288 0.7681 0.145 0.1821 291. 374 141 000 
230 500 HH-Cu SC-W 25 0.1260 0.7436 0.140 0.1800 294. 365 145 000 
230 795 ACSR SC-W 25 0.1288 0.7836 0.148 0.1859 285. 381 139 000 
230 795 ACSR SC-ST 31 0.1288 0.8097 0.153 0.1923 275. 394 134 000 
Avg. 0.7941 Avg. 0.1878 Avg. 386 


*DC-ST—double circuit—steel tower 
SC-W —-single circuit —wood 
SC-ST —single circuit —steel tower 
**Two-crossarm construction forming triangular configuration. 
All other SC-W are H frame construction. 


rules are given for estimating charging kva in the following 
discussion. 
The surge impedance of a transmission line is numeri- 


cally equal to Na It is a function of the line inductance 


and capacitance as shown and independent of line length. 
A convenient average value of surge impedance is 400 ohms. 
As shown in the table, this value is more representative of 
the larger stranded copper conductors than it is for the 
ACSR conductors. Compared to the average value of 386 
ohms from the table, 400 ohms is a good approximation. 
Surge-impedance loading in mw is equal to 


(kvi~1)? 
Surge Impedance 


and can be defined as the unit power factor load that can 
be delivered over a resistanceless line such that the [2X 
is equal to the charging kva of the line. Under this condi- 
tion the sending-end and receiving-end voltages and cur- 
rents are equal in magnitude but different’ in phase posi- 
tion. In the practical case of a line having resistance, the 
magnitude of the sending-end voltage is approximately 
equal to the magnitude of the receiving-end voltage plus 
the product of the magnitude of the current and the line 


resistance; i.e, Us =Ep+IR. Surge-impedance loading in 
itself is not a measure of maximum power that can be 
delivered over a line. Maximum delivered power must take 
into consideration the length of line involved, the impe- 
dance of sending- and receiving-end equipment, and in 
general all of the major factors that must be considered 
with regard to stability. The relation of surge-impedance 
loading to line Iength, taking into account the stability 
consideration, is covered in Chap. 13, Part IX. 
Following is a summary of approximations that may be 
applied to transmission lines for estimating purposes: 


1. Series reactance of a line=0.8 ohm per mile. 
2. Shunt-capacitive reactance of a line=0.2 megohm per mile. 
3. Surge impedance of a line=400 ohms. 

(kvp_n)? 


400 orinkw= 


4, Surge-impedance loading, (SIL) in mw= 
2.5(kvy_r)?. 
5. (a) Charging kva for a hundred miles of line is 20.5 percent 
of the SIL. 


(b) Charging kva of a line is also= s000(—) (A); 


where L=line length in miles, 
kvzi_1=line-to-line voltage in kilovolts. 


a 
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Fig. 18—Distribution of voltage and current along a 300-mile 
transmission line, 795 000 circular mils, ACSR conductor, 25- 
foot equivalent spacing. 

Voltage 
yanee er Current 

r =0.117 ohm per mile 

x =0.7836 ohm per mile 

x’ =0.1859 megohm per mile 


The effect of the distributed capacitance of a transmis- 
sion line on the voltage and current distribution along the 
line is illustrated in Fig. 18. The calculated results are 
based on a transmission line 300 miles in length, 230 kv, 
795 000 circular mils, and 25-foot equivalent spacing. The 
100-percent surge-impedance loading of the line is 139 000 
kilowatts. The current corresponding to this load at 100 
percent voltage is 348 amperes. The voltage and current 
are shown as a function of the line length for 100 percent, 
50 percent surge-impedance loading at the middle of the 
line and for zero delivered load. The voltage at the middle 
of the line was maintained at 230 kv and £s and Ep were 
ulowed to vary depending upon the load condition. 

At 100-percent surge-impedance loading, the voltages 
Nsy=240 kv and Ep=219 kv. The current is a constant 
value of 348 amperes. If the surge-impedance loading is 
‘ssumed at the receiving end of the line, the magnitude of 
the current is slightly different at the sending end because 
of line resistance. The amount of this difference depends 
Upon the ratio of line reactance to resistance and the length 
of the line. Based on the calculated voltages of H's and Ep, 
the regulation of the line is 9.5 percent. The value of 
regulation as determined from the product of the magni- 
tude of the current and the resistance is also 9.5 percent. 

For 50-percent surge-impedance loading the current is a 
Minimum value at the middle of the line. If the surge- 
mpedance loading is taken at the receiving end, the cur- 
rent decreases to a minimum at the receiving end. In Fig. 18 
Surge-impedance loading is taken in the middle of the line 
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for purposes of exposition. Generally the surge-impedance 
loading should be considered at the receiving end because 
the delivered load is usually the quantity of most interest. 


V. 60-CYCLE TRANSMISSION LINE 
REGULATION AND LOSS CHARTS 


The voltage regulation and efficiency of a transmission 
line or distribution feeder are fundamental properties of 
its performance. In determining these quantities for ex- 
isting systems or in designing new systems to meet given 
load requirements, it is thought that the charts presented 
here will save a great deal of time and labor that would 
in many cases be necessary if analytical methods were used. 

For low voltage lines without synchronous or static 
capacitors, voltage regulation is usually the more impor- 
tant consideration. For instance, in the design of a line 
to carry a certain load one wishes to determine the proper 
transmission voltage and conductor size. Based on an assum- 
ed allowable regulation several voltages and conductor sizes 
will be found to transmit the load, the final choice being 
based upon economics for which the line efficiency is de- 
sired. The performance of higher voltage regulated lines, 
however, is determined primarily by the line loss. 

The charts presented here were developed with these 
two points of view in mind. Quite frequently it is desired 
to obtain quickly an approximate solution. The Quick 
Estimating Charts afford a simple method for such cases. 
For more accurate calculations the Regulation and Loss 
Chart is provided. It is important to be able to consider 
more than just the line itself. The transformers are often 
the determining factor in the choice of the proper line volt- 
age. The Regulation and Loss Chart is constructed so that 
from the knowledge of the equivalent impedance of a 
system its performance can be determined. 


25. Quick Estimating Charts 


In Figs. 19 and 20 are plotted curves showing the power 
which can be transmitted at five percent regulation to- 
gether with the corresponding percent line loss for various 
voltages and conductor sizes. These curves afford the 
rapid estimation of such problems as the regulation for a 
known load, the load limit of a line for a given regulation 
and the determination of voltage and conductor size for the 
transmission of a given load at a given regulation. Fig. 21 
is an aid for interpolation between the values of power 
factor given on the curves. 

The curves of Fig. 22 give the power which can be trans- 
mitted for various conductors and voltages at a line loss of 
five percent. These curves are most useful in determining 
the performance of lines regulated by synchronous or static 
capacitors. 

Charts Based Upon Regulation Fig. 19 applies 
specifically to stranded copper conductors, but it can be 
used for copperweld-copper conductors with an accuracy 
of two to three percent. Fig. 20 applies to ACSR con- 
ductors. The load which can be transmitted over a line 
at a fixed regulation varies inversely with its length so that 
for a given line the actual load is the value read from the 
curves divided by the line length. For 220 to 440-volt lines 
the values on the curves are given in kilowatts times hun- 
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Fig. 19— Quick Estimating Charts Based Upon 5 Percent Reg- 
ulation—Stranded Copper Conductors. 


The curves give load in kilowatts x miles or kilowatts < hundreds 
of feet which can be received at 5 percent regulation together 
with corresponding line loss. 

For a given length of line, power is equal to value read from curves 
divided by length of line. 

Power for other regulations is approximately equal to values 

aon % Re 
read from curves multiplied by He ee g 

For power factors other than given in charts, multiply values read 
from curves for unity power factor by fractions given in Tig. 21. 

Percent loss for other regulations and power factors than found on 
charts are given by equation 
(Kw Load). 
(Kw Load),° "(Power Factor)2 


For single phase lines divide power read from charts by 2 and 
percent loss by 1/3. 


P Factor); 
(Percent Loss), = (Percent Loss), X Cover Easton): 


Kilowatts x Miles 


Regulation and Losses of Transmission Lines 


Kilowatts x Miles 


Kilowatts x Miles 


Percent Loss 


Conductor Size 


Percent Loss 
5.3649 4.4 3.9 360 3.3 30 28 2.5 22 19 uo 


Percent Loss 


6.35.5 4.8 4.1 3733 2.9 26 2.3 2.0 1.7 16 LS 
2 ar ae oe, <r 
400 oor 0.8 Power Factor —— 
Pi —— 

Se et 

200 000 (eC ee 

=== =——— 
aes === ===) 
400 000 — 1 a Se ee ee ee | 
8 0 ——— } 
60 000f—+—4—— 4 ee 
Pe et toed 8 

a ee a eee 

40 000-54 es ee eS eS anes 
2 a eee A DR 
a ————— 
Se 2 eee —— — — i 
20 000 po] SS ara _—— q 
SS 
10 000, re ESTED ed 
= =———E 

6 000}—-- 72 as 


Conductor Size 


Chapter 9 Regulation and Losses of Transmission Lines 


Percent Loss 


210 50 50 49 49 49 4.9 48 46 43 42 38 27 23 

aoa 3505 4T 443.9 36 32 2.8 232000 OO 16 

8 6359 5.2 48 44 4.0 3.6 3.2 2.6 22 19 17S 
i a; 


Raceats xs Biles 


Conductor Size 


Percent Loss 
4.946 4.3 3.9 3.4 3.0 2.4 21 1.8 


Kilowatis x Miles 
~ 
Ss 
2 
Ss 
S 


20 000 


Conductor Size 


Fig. 20—Quick Estimating Charts Based Upon 5 Percent Reg- 
ulation—A.C.S.R. Conductors. 


The curves give load in kilowatt X miles which can be received 
«C5 percent regulation together with corresponding line loss. 
For a given length of line, power is equal to value read from curves 
divided by length of line. 
Power for other regulations is approximately equal to values read 
% Reg 
A) 5 ‘ 
Vor power factors other than given in charts, multiply values read 
rom curves for unity power factor by fractions given in Fig. 21. 
Percent loss for other regulations and power factors than found on 
charts are given by equation 


from curves multiplied by 


(Kw Load)e 
(Kw Load), 


For single phase lines divide power read from charts by 2 and 
Percent loss by +/3. 


(Power Factor)? 
(Power Factor)3 


(Percent Loss) = (Percent Loss); X 


Percent Loss 
4.9 4.9 4.9 4.8 4.7 4.4 42 41 3.7 


3.0 5.0 


Kilowatts x Miles 


Conductor Size 


Percent Loss 
3.4 3.0 2.4 210019 0 1.7 (16 


Kilowatts x Miles 


—— 


o 
= 
4 
w 
a 
an 


Conductor Size 


dreds of feet. For higher voltages they are in kilowatts 
times miles. 

For each voltage a common equivalent conductor spac- 
ing is assumed and the curves are drawn so that it is pos- 
sible to interpolate to a good degree of accuracy for other 
voltages than those given. In addition the relationship 
that the power is proportional to the square of the volt- 
age may be used. Since the percent loss does not vary 
more than about a tenth of one percent for each conductor 
size in each set of curves, mean values are given as 
shown. 

For the same line voltage, conductor, equivalent spac- 
ing, and regulation half as much load can be transmitted 
on a single-phase two-wire line as for a three-phase line. 
For this reason the curves can be used to good accuracy 
for this kind of line by simply dividing by two the load 
read from them. For this single-phase load the percent 
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POWER FACTOR —LAGGING 
Fig. 21—Effect of power factor on load that can be carried at 
a fixed regulation. 
Curves apply specifically for three foot equivalent spacing and five 


percent regulation, but can be used with good accuracy for normal 
spacing and regulation range. 


loss will be that read from the charts divided by [./3 
(or 1.732). 

Curves are presented for three common power factors: 
unity, 0.9 lag, and 0.8 lag. It is difficult to interpolate for 
other power factors, however, especially between unity 
and 0.9. To facilitate this the curves of Fig. 21 are pro- 
vided showing the effect of power factor on the load that 
can be transmitted at a fixed regulation in terms of that 
at unity power factor. The curves apply specifically to 
stranded copper conductors at a three foot equivalent 
spacing and for five percent regulation, but they will give 
an accuracy within 10 percent for conductor spacings up to 
20 feet and for the same copper equivalent in other com- 
mon conductors. The error however may be as high as 
25 percent for spacings as small as 8 inches. 

The Quick Estimating Curves can also be used for other 
values of regulation if the approximation is made that the 
load which can be transmitted varies directly with the 
regulation. 

After having determined the load for other power fac- 
tors or regulations than those for which the curves are 
drawn, the percent loss can be determined from the re- 
lation 

(Percent Loss),= (Percent Loss); 
(Kw Load)2. (Power Factor)? 


(Kw Load), “(Power Factor)? 


(88) 
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Charts Based Upon Loss—In Fig. 22 (a) are plotteq 
curves for short lines which show the power in kilowattg 
times miles which can be transmitted under two condi- 
tions. The solid curves are based on five percent loss and 
equal receiving- and sending-end voltages. These are use. 
ful for lines where little regulation can be allowed such ag 
on interconnected systems. The dotted curves are for the 
maximum power which can be transmitted at the given 
load voltage and five percent loss. For this condition the 
regulation varies but in no case does it exceed about five 
percent. 

Fig. 22 (b) is for higher voltage lines long enough that 
distributed capacitance of the line need be considered. 
Only the condition of equal sending and receiving end 
voltages is considered here since regulation does not greatly 
effect the power for the conductors and spacings practical 
to use. For all of these curves an arbitrary coordinate sys- 
tem has been used for the abscissa beneath which js 
plotted the correct sizes for the various conductors. The 
curves here are based on 10 percent loss. 

Equation (77) was used for determining the curves for 
equal voltages at both ends of the line and its examination 
shows that, for the practical range of losses, power for 
other values of percent loss are very nearly that read from 
J, Loss 
5 or 10° 
% Loss a 
100-+% Loss of Eq. (77) can be used. 
Eq. (55) was used for the curves based on the maximum 
power at five percent loss. For this case power is directly 
porportional to loss. For both sets of curves it is propor- 
tional to the square of the receiving-end voltage. 

The power which can be transmitted over a single-phase 
line is one half that of a three-phase line of the same equiv- 
alent spacing and line-to-line voltage. Thus Fig. 22(a) can 
be used to good accuracy for single-phase lines by dividing 
the values read from the curves by two. 


the curves multiplied by If greater accuracy is 


desired the factor 


26. Examples of the Use of the Quick Estimating 
harts 


Example 6(a)—Determine the maximum load at 
unity power factor and five percent regulation which can 
be transmitted over a three-phase five-mile line having 
300 000 cir mil stranded copper conductors and operating 
at a load line voltage of 22 kv. 

From the unity power factor curves of Fig. 19 for this 
conductor size and voltage, 100 000 kw times miles is ob- 


tained: ‘The load ia Phéne ee” = 90 O60 kilowatts. The 


percent loss read from the curves is 4.2. : 

Example 6(b)—What is the load for this line at this 
regulation but 0.95 power factor lag? Referring to Fig. 
21 it is seen that for this conductor size 0.58 as much load. 
can be transmitted at 0.95 power factor as at unity. 


Thus the load is 20 000X.58=11 600 kilowatts. The 
percent loss as determined from Eq. (88) is j 
11 600(1)? - 4 

ercent Loss=(4.2) 5-505 (05) 7% i 


Example 6(c)—What load can be transmitted over this, 
line at unity power factor but 15 percent regulation? © * 


Rulewarts x Mules 


ACSR_ Copper 


Conductor Size 


(a) 


Fig. 22—Quick Estimating Charts Based Upon Percent Loss. 


The solid curves are based on percent loss and equal receiving- 
and sending-end voltages. The dotted curves are for the maximum 
Power which can be received at a given receiving-end voltage and 
Percent loss. 

For the curves of Fig. 22 (a) line capacitance has been neglected 
and Power for a given length of line is value read from curves divided 
by line length in miles. Loss base is 5 percent. 

In Fig. 22 (b) line capacitance has been taken into account and the 

ata is thus a function of line length. Loss base is 10 percent. 

For all curves: 

F or sl values of percent loss multiply power read from curves 

, 0 Loss Loss 
by eI OF oy, 


, aera for (a) and 
For Single-phase lines divide power read from charts by 2. 


Kilowatts 


Kilowatts 
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Hollow 


a 
66 Kv +— 


—— 8-Foot Spacing 


a 
——— a 


Conductor Size 


(b) 


ACSR Copper 


ACSR_ Copper 


ACSR- Copper 


286 


The answer is (20 000) 2 = 60 000 kw 
5 


60 000 


t] (4.2 
The percent loss is )\—— 30.000 


= 12.6% 


Example 7—Determine the conductor size and voltage 
necessary to transmit 10 000 kw at 0.9 power factor lag for 
a distance of ten miles. 

This corresponds to 100 000 (kw times miles). Referring 
to the 0.9 power factor curves for both copper and ACSR 
conductors for this load, it is seen that the following lines 
can be used: 


Stranded Copper ACSR 
Voltage Cond. Size % Loss Cond. Size % Loss 
33 000 300 000 cir mil 2.5 636 000 cir mil 1.9 
44 000 No. 0 4.0 No. 0000 3.7 
66 000 No. 4 4.5 No. 2 5.0 


If it were desired to allow a ten percent regulation in- 
stead of five percent, the value of kilowatt miles to refer 
to on the curves would then be 50 000 instead of 100 000. 

The use of the Quick Estimating Charts based upon 
line loss is quite similar. For instance, if the line of ex- 
ample 6 were equipped with capacitors so that regulation 
would not be excessive, examination of Fig. 22 shows that 


J um = 23 200 kor) at 


it could deliver a maximum of ( 


five percent loss. 


27. Regulation and Loss Chart 


Several valuable voltage regulation charts have been 
developed. Perhaps the best known of these are the 
Dwight? and Mershon® charts. The chart shown in Fig. 
23 provides a means of solving not only regulation but 
loss problems to a high degree of accuracy. It is just as 
simple in its use as any of the previous ones, but has the 
distinct advantage that it is based upon an exact solution 
of the vector diagram for any circuit which can be repre- 
sented by a single lumped impedance. For this reason 
problems involving the determination of the load which 
can be transmitted for a given regulation can be solved 
much more accurately than from charts based upon ap- 
proximations. 

The chart is developed on the principle that for a given 
difference in magnitude between the sending-end and re- 
ceiving-end voltages, the impedance drop (ZI) is fixed 


entirely by the angle p=y+¢@ where ( y= tan“ is the 


impedance angle of the line and ¢ is the power ee angle. 
For lagging power factors ¢@ is negative and for leading 
power factors ¢ is positive. Thus, corresponding to vari- 
ous values of percent regulation, the corresponding percent 
ZI can be plotted as a function of the angle p. These are 
the set of curves on the chart for voltage drops from 0 to 
15 percent and voltage rises from 0 to 5 percent. The 
value of the percent (ZI) is the same whether p is positive 
or negative. It depends only upon its magnitude. 
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Since the use of the chart requires a knowledge of y ang 
¢, additional curves are provided to facilitate their detep. 
mination. One of these is a cosine curve for determining ¢ 
from the power factor. For obtaining y from a know ledge 
of the resistance and reactance of the line, tangent ang 
cotangent curves are plotted so that y can be obtained 
from the ratio x/r or r/z. However, a simpler means ig 
provided for standard conductors, by the set of curves at 
the top and bottom of the main portion of the chart. These 
curves give y for various conductors as a function of 
equivalent spacing. The resistance of the conductor per 
mile is necessary, and it is given for each conductor. The 
values on the chart are for a conductor temperature of 
50°C. 

Although the chart is developed primarily for problems 
involving known receiver voltage and power factor, it can 
also be used for problems where the sending-end voltage 
and receiving-end power factor and either load current or 
sending end kva are known. This is the commonest type 
of problem involving mixed terminal conditions. 


28. Use of the Regulation and Loss Chart for Short 
Lines 


(a) Regulation from Known Load Conditions—to 
calculate regulation when receiving-end (or load) voltage, 
power factor, and current or kva are known: 

(1) Determine p=y+@ where the sign of ¢ is dependent 
upon whether the current is leading or lagging. 

¢, the power factor angle, can be obtained from the 
cosine curve. 

y, the impedance angle, can be obtained by reading it 
from the conductor curves or by calculating r/zx or 2/r 
whichever is less than one and reading from the cor- 
responding curve. r and x are the conductor resistance 
and reactance in ohms per mile. 

(2) Calculate percent ZI where 


(\/3 rs I) 100 
Ey, cos ¥ 


100 000 rs (kva), 


Percent ZJ = = 
E?y cos ¥ 


for three-phase lines (89) 
_(2rs I) 100 _ 200 000 rs (kva) 
Ey cos ¥ Ei?) cos y 

for 2-wire single-phase lines (89a) 


Ey, is the line voltage in volts. s is the length of the 
line in miles. 
(3) For the calculated values of p and percent ZI read 


percent regulation from curves of constant regulation. 


(b) Load Limitation for Fixed Regulation—To de-. 
termine load limit for a given value of regulation: 4 
(1) Determine p as in above and from chart for given ' 

value of regulation and p read the corresponding , 


- percent ZI. q 
, _(% ZI)Et, cos ¥ 3 

Load in kva 100 000 rs ' 
for three-phase lines (90) 


if ZI)Ez cos y 
200 000 rs 


for single-phase 2-wire lines (90a) 
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Fig. 23—Regulation and Loss Chart for transmission lines. 
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(c) Line Efficiency—The line loss in percent of the 
load kva is given by the equation 


Percent Loss=% RI=% ZI cos y (91) 


where cos y can be read off its cosine curve from the known 
value of y. The loss can be determined in percent of the 
load in kilowatts by dividing the value obtained from 
Eq. (91) by the power factor. If it is desired to determine 
the percent loss for a given regulation, the percent ZI can 
be obtained without the use of Eq. (89). It is simply 
necessary to determine p and for this angle and the given 
regulation to read the (percent ZZ) from the chart. 

(d) Use of Chart for Known Sending-End Voltage 
and Receiving-End Power Factor—The chart can be 
used to as good accuracy as desired for problems of this 
nature. Asa first approximation the regulation, in percent 
of the sending-end voltage, can be obtained as outlined in 
(a) when the sending-end line voltage is used in Eq. (89). 
Either the line current or the load kva expressed in terms 
of the sending-end voltage can be used. The load (or 
receiving-end) voltage can be calculated from this regula- 
tion and the sending-end voltage. This first approximation 
will usually give the load voltage to an accuracy of about 
one percent, but the percent accuracy of the regulation 
may be much worse depending upon its magnitude. 

A more accurate value can, however, be very easily 
obtained by the following method of successive approxi- 
mations. Using this first determined value of load volt- 
age and then each successive value obtained, recalculate 
the regulation. One or two such steps will usually give 
very good accuracy. When calculating the percent ZJ in 
this process it is not necessary to solve Eq. 89 each time. 
The new value of percent ZJ can be obtained by dividing 
the first value calculated by the ratio of the load voltage 
to the sending-end voltage. This type of problem is illus- 
strated in Example 8(d). 

It is, of course, obvious that the load limit for known 
sending-end voltage, load power factor, and regulation 
can be determined as in 28(b) after the load voltage is 
calculated from the regulation and sending-end voltage. 


29. Examples of the Use of the Regulation and Loss 
Chart 


Consider a three-phase line ten miles long with No. 0000 
stranded-copper conductors at an equivalent spacing of 
six feet and operating at a line voltage of 33 kv at the load 
end. 

Example 8(a)—For rated voltage at the receiving end 
and a 9140 kva load at 0.9 power factor lag, determine the 
regulation. 

Referring to the impedance angle curves for stranded 
copper conductors at the bottom of the chart, the im- 
pedance angle for this conductor and spacing is y =67.2°. 
Cos + is 0.390 and the conductor resistance is 0.303 ohms 
per mile. Reading from the cosine curve the power factor 
angle for 0.9 power factor is ¢=26°, and the sign is 
minus p=y+@=67.2° — 26° =41.2° 
From Eq. (89): 


Percent ZZ = 


(100 000) (0.303) (10) (9140) 


(33 000)? (0.390) 
=6.52 
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Reading from the chart for this percent ZI and p=41.»% 
the regulation is found to be 5.0 percent. : 

Example 8(b)—Determine the maximum kva that wad 
be transmitted over this line at the same power factor fog 
a regulation of no greater than 5 percent. Reading from§ 
the chart for 5 percent regulation and p of 41.2°, the percent : 
ZI is found to be 6.54. : 
Using Eq. (90): 
: (6.52)(33 000)*(0.390) 
Load in kva="7799 900)(0.303) (10) 
=9140 


Load in kw = (9140) (0.9) = 8230. 


Example 8(c)—As an example of the calculation of 
efficiency for the above case using Eq. (91): 


Percent loss = (6.52) (0.890) = 2.55. 


Example 8(d)—For this same line operating at 
sending-end line voltage (E51) of 33 kv and a sending-end§ 
load of 9140 kva but a receiving-end lagging power factor 
of 0.9, determine the line voltage at the load end. "4 

As shown in Example 8(a): 

The value of percent ZJ determined as a first appro: 
imation by using the sending-end voltage and kva i 
Eq. (89) is 
Percent ZI =6.52 
p=7to=41.2° 


Thus as a first approximation 


Percent Reg. =5 


By eb 31.42 ky. 


and 


As a second approximation 
Percent ZI = (1.05) (6.52) = 6.85 
reading from the chart for percent ZJ =6.85 and p=41. 
Percent Reg. = 5.20 


E.= E'sy 


=3l1. 
1.055 = 31.35 kv. 


As a third approximation 
Percent ZI = (1.052)(6.52) =6.87 


Percent Reg.=5.25 (as closely as can be read from the’ 7 
chart) im 


30. Use of Regulation and Loss Chart for Long Lines) 


As shown in Sec. 16, methods of calculating regulation 
for short lines can be applied to lines up to 100 miles ia 
length to a good degree of accuracy by simply adding the 
correction factor (—2.018?) to the percent regulation 
where S is the length of the line in hundreds of miles. ¥ 

If greater accuracy is desired, the chart can be used 
with the equivalent load current and power factor 09 
tained as described in Sec. 14. Using this method boty 
regulation and efficiency can be determined. q 


cee 


31. Determination of Effect of Transformers of 
Line Performance 


The chart can be used as described in Sec. 28 for des 
termining regulation and efficiency of transformers a 
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though the transformer charts in Chap. 5 are simpler. In 
considering the performance of a line and transformers 
together, however, the chart can be used to advantage. 
The impedance of the transformers can be combined with 
that of the line into a single impedance. These impedances 
cun be expressed either in ohms or in percent on some 
common kva base. Transformer impedance is usually 
given in percent. It can be expressed in ohms by the 
equation 


Z = Li parcent) Ei cy) (10) 
(ohms) ol 


(92) 


The transmission line impedance in ohms can be trans- 
formed to a percent basis by the equation 


2 conics) (kva) 
Ea) (10) 


The transmission line resistance can be read directly from 
the chart and the reactance obtained from the chart 
by reading the line impedance angle from the chart and 
the ratio of r/z or x/r for this angle. 

For problems of this type it is usually easier to use the 
impedance in percent. After having obtained the total 
equivalent percent & and percent X, the equivalent angle 
y can be read from the curves for the ratio of R/X or 
X/R. The percent ZJ can be calculated from the equation 


(%WRI=%R) (rated load) (actual load) (94) 
cos ¥ (rated load) 


Example 9—As an example of the calculation of a 
problem of this type consider the 10 mile, 33 kv, 300 000 
cir mil stranded copper line found adequate for the 
(10000 kw=11 111 kva) load at 0.9 power factor lag of 
Example 7. 

Assume that it has transformers at each end rated at 
{2000 kva with 0.7 percent resistance and 5 percent re- 
actance, and let us calculate the total regulation and loss 
of the system. 

Reading from the chart 


The line resistance is (0.215) (10) =2.15 ohms 
r/zx for the line impedance angle of 71.6° is 0.330 


2.15 
=6.51 
330 6.51 ohms 


The percent impedance of the line on a 12000 kva 
base is from Eq. (93). 


Percent Z, = (2.15+96.51) (12 000) 
(33)2(10) 


(93) 


Z (percent) = 


Percent ZI = 


The line reactance is 


=2.37+ 7.16 
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The total impedance is 


Percent Z = (2.37-+j7.16) +2(0.7+j5) 
=3.77+j17.16 


%R_ 3.77 
= = 0.219 
AX 17.16 
Reading from the chart for this ratio 
y=77.7° 
Cos y =0.219 
For 0.9 power factor ¢= — 26° 
p=51.7 


From Eq. (94) 


3.77 11 111 
=( —— = 15.9% 
Percent ZI (24) (i ia) 5.94 


The regulation read from the chart for this percent ZI 
and the calculated value of p is 
Regulation = 10.5% 
The loss in percent of the load in kw is from Eq. (91) 


Percerit Loss = (15.94) (0.219) =3.88. 
0.9 
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STEADY-STATE PERFORMANCE OF SYSTEMS INCLUDING 
METHODS OF NETWORK SOLUTION 


Original Author: 
E. L. Harder 


distribute electric power to the desired points, reli- 

ably and in good condition. The electrical perform- 
ance of the system as dealt. with in this chapter is the 
measure of how well it performs this task and is expressed 
by such quantities as voltage regulation, loading of lines 
and equipment, efficiency and losses, and real and reactive 
power flow. Stability, of vital importance also, is dealt 
with in Chap. 13. 

The key to the determination of such system quantities 
is the network solution, or determination of currents and 
voltages throughout the system for any prescribed con- 
ditions. From the network solution can be determined all 
of the essential electrical characteristics that are dependent 
upon the fundamental-frequency currents and voltages. 

Network solution is based on Kirchoff’s two laws: 


A POWER system must generate, transmit, and then 


First, that the vector sum of all the voltages acting 
around any closed loop is zero. 

And second, that the vector sum of all the currents 
flowing to any point is zero. 


In the course of applying these elementary principles 
to the solution of thousands of linear networks for many 
years, various investigators have found several powerful 
theorems that follow directly therefrom, such as the super- 
position theorem!, the reciprocal theorem, and Thevenin’s 
theorem. These theorems not only assist in visualizing the 
phenomena taking place in the circuits, but also greatly 
simplify and systematize the work of solution for the species 
of networks to which they apply. 

The method of symmetrical components, given in Chap. 
2 is a highly developed special application of the super- 
position theorem, taking advantage of the symmetry of 
the several phases of the usual polyphase power system. 

The direct use of Kirchoff’s Laws can be designated as 
“Solution by Equations,” to distinguish it from “Solution 
by Reduction” in which portions of a system are progres- 
sively replaced by simpler equivalents until a single branch 
remains. This latter makes use of the superposition theorem 
in treating one emf at a time. Also, it utilizes equivalent 
circuits, many of which are now available. 

Thevenin’s theorem and the superposition theorem have 
provided direct methods for obtaining solutions in net- 
works of several fixed emfs, with enormous simplification. 

Solutions of networks can be expressed in many forms, 
each one being particularly adaptable to certain types of 
networks or certain problems. Thus, the expression of so- 
lutions as “Self and Mutual Drops and Current Division” 


290 


Revised by: 
E. L. Harder 


is particularly well suited to regulation and apparatus 
loading studies. The method of Driving Point and Trans. 
fer Admittances or Impedances is well suited to power 
flow or stability studies on multiple-entrance systems, and 
the General Circuit Constants, ABCD, or the equivalent 
Pi and T are similarly advantageous for the transmission- 
type network having two significant terminals. 

These methods of network representation and solution 
constitute a highly developed science with extensive pres- 
ent literature. However, as they constitute the heart of 
the problem of steady-state performance of systems as well: 
as of many other system problems, a large part of this 
chapter will be devoted to them. In general, the most 
commonly used methods will be outlined and illustrated 
by examples. For further information a bibliography of 
selected references is included. 

Network solution, once accomplished largely by analyt- 
ical methods, is now performed to an increasing extent by’ 
a-c and d-c network calculators. However, many problems 
are still solved analytically and also a thorough knowledge’ 
of methods of network representation and solution is as’ 
essential as ever to the system designer. Fortunately, how- - 
ever, the calculator has removed the enormous burden of 
routine calculation and has made it economically possible 
to solve complicated systems. Analytic methods are still’ 
largely used for the simpler studies or where network 
calculators are not available. 


I. NETWORK REPRESENTATION 
1. Single-Line Diagram. Fig. 1 


In dealing with power systems of any complexity, one | 
of the first essentials is a single-line diagram, in which each , 
polyphase circuit is represented by a single line. Stripped ‘ 
of the complexity of several phase wires, the main power | 
channels then stand out clearly, and the general plan of } 
the system is evident. Most power companies maintain 
up-to-date single-line diagrams of their systems. 

This diagram is a short-hand or symbolic representation, 
of the principal connections, showing the equipment in its; 
correct electrical relationship and usually having indicated, 
on it, or in supplementary tabulations, data essential for 
the determination of the impedance diagram. The recom-; 
mended symbols for apparatus are given in Table 1(a). 
In addition, auxiliary symbols, Table 1(b), are inscribed 
near the devices in question, to indicate the winding cob; 
nections and the grounding arrangement, if any, at they 
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TABLE 1(a)--GRAPHICAL SYMBOLS FOR DIAGRAMS°—EQUIPMENT SYMBOLS 


a.¢. GENERATOR OR MOTOR® 


SYNCHRONOUS CONVERTER 


DIRECT CONNECTED UNITS 
BASIG SYMBOL 
(Use particular symbols and join 
as here shown.) 


TWO-WINDING TRANSFORMER* 


BASIC SYMBOL 


THREE-WINDING TRANSFORMER* 


AUTOTRANSFORMER* 


CURRENT TRANSFORMER 


POTENTIAL TRANSFORMER 


INDUCTION VOLTAGE REGULATOR 


DISCONNECTING OR KNIFE SWITCH 


AIR BREAK SWITCH, HORN GAP, 
GROUP OPERATED 


COMPLETE * 


OOUBLE THROW SWITCH 


OIL CIRCUIT BREAKER, 
SINGLE THROW 


AIR CIRCUIT BREAKER 


RESISTOR 


REACTOR, 


CAPACITOR 


LIGHTNING ARRESTER 


POTHEAD CABLE TERMINAL 


ORY RECTIFIER 


MERCURY ARG RECTIFIER 


* The "Gompiete’ symbol is intended to illustrate the method of treatment for any desired polyphase combination rather than to show the 
exact symbol required. Use symbol (evr) for windings of apparatus as required, and connect to suit porticulor case. 


+ Inscribe winding connection diagram symbol from Table 1b. 


0 For complete lists see American Standards 232.3-1946 , 23212-1947 


neutral. The use of these auxiliary symbols is illustrated 
In Wig. 1, 

Similar diagrams showing circuit breakers and dis- 
connecting switches are used as power-system operating 
diagrams. Or they can be marked with suitable symbols to 
show the relay (See Chap. 11) or lightning protection. 


2. The Sign of Reactive Power 


The + sign used with the reactive-power terms in the 
ads of Fig. 1 designate lagging-reactive power in accord- 
ance with the standard notation approved by the AIEE 
tandards Committee on Jan. 14, 1948 and recommended 
or adoption to the American Standards Assn. and the 

‘C. Since this is a change from the convention used in 
editions 1 to 3 of this book the history of this standard 


lo 


and its implications are discussed in detail here. 

The complete specification of real- and reactive-power 
flow in a circuit requires: 

First, an indication of the direction spoken of, i.e., a 
reference-positive direction. 

Second, numerical values and associated signs. The 
numerical values give the magnitude of the real- and 
reactive-power components respectively. The associated 
signs show whether they flow in the reference-positive 
direction or not. 

Third, there must be a convention as to whether it is 
lagging-reactive power or leading-reactive power, the di- 
rection and magnitude of which is being specified. 

Lagging-reactive power is that which is generated or 
supplied by an over-excited synchronous machine or by a 
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TABLE 1(b)— GRAPHICAL SYMBOLS FOR DIAGRAMS— WINDING 
CONNECTION SYMBOLS 


TWO-PHASE, THREE-WIRE 

TWO-PHASE, FOUR-WIRE 

THREE “PHASE, DELTA (OR MESH) 
THREE-PHASE, Y (OR STAR) 
THREE-PHASE, Y (OR STAR) WITH NEUTRAL 


BROUGHT OUT AND GROUNDED 


THREE-PHASE, Y (OR STAR) WITH NEUTRAL 
GROUNDED THROUGH A RESISTOR 


THREE-PHASE, ZIG-ZAG 


THREE-PHASE, T 


static capacitor and used by inductive loads such as induc- 
tion motors, reactors, and under-excited synchronous 
machines. 

According to the convention recommended by AIBE in 
1948 and used throughout this book the positive sign for 
reactive power indicates that lagging-reactive power is 
flowing in the reference-positive direction. The vector 
relationship for power is therefore: 


P+jQ=ET, the symbol ~ designating conjugate. 


For example if E is taken as_reference, E=E and if 
I=I'—jI" is a lagging current, I’ and I’ being positive 
quantities, the real power is P=HI’ and the lagging- 
reactive power is Q=EHJ”. 

The expression, 

P+jQ=E1=E(1'+j1") =EV +jET" 

results in the proper sign for the P and Q terms, whereas 
EI would give the right values but the wrong sign for the 
@ term. With this new convention, and taking E as refer- 
ence, the power vector P+ 7Q lies along the conjugate of 
the current vector. Consequently current and power circle 
diagrams lie in conjugate quadrants. 

Historical Summary—Originally there was one school 
of thought, typified by Evans, Sels*, and others, that used 
the positive sign for lagging-reactive power for the same 
reasons that it has now finally been adopted. The principal 
reasons were these. Like real power, lagging-reactive power 
is generally used in the load and must be supplied at some 
expense in the supply system. It is thus the commodity 
dealt with by the practical power-system designer, and 
dispatched by the operators. This concept is consistent 
mathematically with the following forms: 

Power associated with voltage E and current I is: 


P+jQ=ET 


and power in an impedance Z to a current I is: 
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10,000 (18,300 +) 7000) KVA 
+} 5000) 
KVA SUBSTATION C 
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(10.000+j7000)KVA 2-25,000 KVA 
STEAM TURBO GENERATORS 


Fig. t—Single-line diagram of a power system. 


P+jQ=PZ 
The form P+jQ=E?Y is then erroneous and gives the 
wrong sign for Q. 

For the conventional transmission line, with this concept - 
(lagging-reactive power positive) the center of the sending- i 
end power-circle diagram lies in the first quadrant and the 
center of the receiving circle in the third quadrant. : 

The other school of thought used leading-reactive power 
as positive, lagging-reactive power as negative. This had 4 
the theoretical advantage of throwing current and power + 
circle diagrams into the same quadrant, but the disadvan- 
tage that lagging-reactive power, the reactive commodity 
usually dispatched by power-system operators, was then : 
a minus quantity. This concept is consistent with the @ 
mathematical forms: — ; 

Power associated with a voltage EZ and a current J is:— 9 


P+jQ=E£I 


Power flowing into an admittance Y due to a voltage q 


E is: 


P 


e 


P+jQ=E?Y og 
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The form P+jQ=I°Z is then erroneous and gives the 
wrong sign for Q. 

The latter school, (leading-reactive power positive) won 
out, for the time being, on the basis of the theoretical 
considerations, and on August 12, 1941 the American 
Standards Association approved this convention as an 
industry standard, C42-1941, Section 05.21.050. The first 
three editions of this book followed this standard conven- 
tion. However, the convention was never followed by 
system-planning and operating people to any extent. They 
continued to dispatch lagging-reactive power which they 
called simply “reactive,” and to mark on their flow charts 
the direction in which lagging-reactive power flowed. They 
could not be converted to selling a negative amount of 
leading-reactive power for positive money, but preferred 
to sell a positive amount of lagging-reactive power. 

A majority of engineers have now come to consider 
lagging-reactive power as the commodity being dealt with. 
The AIEE Standards Committee recognizing this fazt 
accompli recommended to ASA in 1948 adoption of the 
convention making lagging-reactive power positive. This 
reference book has, starting with the fourth edition, 1950, 
been changed to conform with what will undoubtedly be 
the standard from now on, namely, lagging-reactive power 

toe ena AS 


‘ ene Cs and writers can materially aid in eliminating 
confusion by discontinuing all use of the term leading- 
reactive power which after all is simply an unnecessary 
name for the negative of lagging-reactive power. Such a 
term is no more necessary than a name for the negative 
of real power. Eventually if this is followed the adjective 
“lagging” can be dropped, as reactive power will always 
mean lagging-reactive power. 


3. Impedance Diagram. Fig. 2 


The second essential in analytic study of a power system 
is the impedance diagram, on which are indicated on a 
common basis, the impedances of all lines and pieces of 
equipment related to the problem. Because of the sym- 
metry of phases it is usually sufficient to represent only 
one phase—called the reference phase, or a phase. Under 
balanced conditions of operation, the currents and volt- 
ages in the other two phases are exactly equal to those in a 
phase and merely lag behind the a phase quantities by 120 
and 240 electrical degrees. Hence, when the a phase quan- 
tities have been determined, the others follow directly. 

Even when unbalances, such as a line-to-ground fault, 
or One-wire-open, occur at one or two points of an otherwise 
balanced polyphase system, the impedance diagrams for 
the reference phase are sufficient, if use is made of the 
method of symmetrical components as outlined in Chap. 2. 

The impedance diagram, corresponding to the system 
shown in Fig. 1, is given in Fig. 2. Generator impedances 
are not shown as they do not enter into the particular 
Problem. All impedances on this diagram have been ex- 
pressed in ohms, and admittances in mhos, on a 110-kv 
base. Actually there are several choices, such as percent 
Or per unit on various kva bases or ohms on voltage bases 
other than 110-kv. The relations between these several 
Methods, and factors affecting the choice are discussed 
Subsequently. 
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Fig. 2—Impedance diagram of a system shown in Fig. 1. 


4. Determination of Impedances 2 


In general, accurate cable and overhead-line impedances 
can be obtained from the tabulations of Chaps. 4 and 3, in 
terms of the wire size and spacing. Average apparatus 
constants are given in the tabulations of Chap. 6, Machine 
Characteristics, and Chap. 5, Power Transformers and 
Reactors. More accurate figures, if required, can be ob- 
tained from name-plates or direct from the manufacturer 
of the equipment. The impedances of lines and trans- 
formers in Fig. 2 have been obtained, for example, from the 
tables of Chaps. 3 and 5 based on the data given in Fig. 1. 

Representation of Loads—The necessary representa- 
tion of loads in the impedance diagrams depends upon 
the use intended. In short-circuit studies, loads are most 
frequently neglected. In stability studies, they must gen- 
erally be considered. Several methods of representing loads 
are as follows: 

a. Shunt impedance that draws the same kilowatts and 
reactive kva at normal voltage as is drawn by the 
actual load. 

b. An impedance circuit, which, for any conditions of 
voltage is adjusted to draw the desired amount of 
rea] and reactive power. 
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ce. In network calculator studies, the use of a “source” f 
udjusted, in phase angle and magnitude, to draw the 
desired real und reactive power from the system. 
Given any characteristics of variation of real and 
reactive power with voltage, the load can be con- 
verted to impedance at the expected voltage, this 
impedance used in determining the system voltages, 
and then the load impedance corrected to the new 
voltage if such correction is warranted. 


~ 


a. 


Conversion of Load Kw and Reactive Kva to 
Ohms or Mhos—Loads given in kilowatts and reactive 
kva can be converted to impedance or admittance form by 
the following equations: 


Let  2P=kw (three-phase) 
Q=reactive kva lugging (three-phase) 
y_1,=line-to-line voltage in kv at which the conver- 
sion is to be made. 
Z=vector impedance value, ohms line-to-neutral. 
Y = vector admittance value, mhos, line-to-neutral. 


1000E%,-1_ 1000B%-1 


1000(kv)? 


= 


=e ee ine-to-neutral (1 
kw—j reactive kva co line-to-neutral (1) 
-__P~jQ _kw-—j reactive kva (lagging) 
~ 1LO00F*t_1 1000(kv)? 
mhos, line-to-neutral (2) 


For example, at 13.8 kv a load of 10000 kva at 80 
percent power factor lagging may be expressed as: 


P=8000 kw @ = +6000 reactive kva 
The impedance required to represent it is: 
: 1000(13.8)? 
“~~ (6000)?+ (8000)? 


(8000+-j6000) =15.2+/11.4 ohms, 


line-to-neutral 
and the admittance is: 


_ 8000 —j6000 


=7900013.8) = 0.0420 —70.0315 mhos, line-to-neutral. 


Y and Z as given above are the admittance or impedance 
values to be used in the single-phase impedance diagram in 
which only the reference phase and neutral are represented. 

Shunt Capacitors are built to a tolerance of —O to 
+10 percent of their rated kva, +5 percent being the 
average. It is generally sufficiently accurate to consider 
the reactance to be 100 percent based on 105 percent of 
the rated kva base. 

Series Capacitors—The determination of reactance 
of a series capacitor can best be explained by example. 
Suppose ten standard 15-kva single-phase, 440-volt, shunt- 
capacitor units have been used in parallel in each phase, 
or a total of 150 kva per phase. The capacitive reactance 
presented in series in each phase is then: 


fThe “sources” are voltage regulator-phase shifter circuits from a 
main power bus and can be readily adjusted to either draw or feed 
the desired quantities of real and reactive power. 

{Q is positive for lagging reactive kva. 
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_ 1000(kv)? _ 1000(0.44)? 
L05*(kva) 1.05150 (5) 


This ohmic value can be converted to percent by Eq. (12), 

Shunt Reactors have 100-percent voltage drop ACTOsg 
them when connected to normal voltage, or have 100-per- 
cent impedance based on the kva drawn from the system 
at normal voltage. 

Series Reactors—The reactance of a series reactor jy 
frequently expressed in percent, but the kva of its parts 
is given. Thus, if a 6-percent reactor is desired in a circuit 
having a rating of 10000 kva, three-phase, the reactor 
rating will be 600 kva, three-phase (6 percent of 10000 
kva). Three 200-kva single-phase reactors might be used, 
These would ordinarily be referred to as three 200-kva, 
6-percent reactors, whereas actually they constitute a 
three-phase reactance in the circuit having 6-percent re 
actance on a 10 000-kva base. Care must. be taken, there- 
fore, to determine the reactance value on the through or 
transmitted kva base, or 10 000-kva base in the example 
cited. The relation between reactor kva, and through kva 
are as follows: 

Reactor three-phase kva rating =a 

Through or transmitted kva rating = A 

Percent reactance on the transmitted kva base =X 


= 1.22 ohms 


As 


i ve 
Then a= 100" (3) 


Given the reactor three-phase kva rating, a, the through 
kva rating is 


(4) 


The reactor has a reactance of X percent on the kva base A. 

In the case cited above of a 600-kva, 6-percent reactor, 

: 100 
Eq. (4) gives A =G 600 = 10 000. Whence, the reactor 
has a reactance of 6 percent on a 10 000-kva, base. 

The standard reactance tolerance of current-limiting 
reactors is —3 percent to +7 percent for single-phase and 
—3 percent to +10 percent for three phase. The rated 
reactance is generally used in system calculations unless 
test figures are available. 


5. Conversions. Percent to Ohms and Ohms to 
Percentt 


Method 1—If a base kva (three-phase) and kv (line- 
to-line) are selected, the corresponding normal or base 
current, line-to-neutral voltage, and impedance values can 
be immediately determined. 


They are: 
Normal C t I Peal amperes (6) 
urren 0 3(Kv) Dp 
. Normal Voltage , _ 1000(kv) 7 
(line-to-neutral) ~" 44/3 se @ 
_ E, ohms per phase, 
Normal Impedance Zn = f line-to-neutral. (8) 


*If the ratio of actual to rated kva is known, it should be used in f 


4 


place of 1.05. 
t(Note: Per Unit is percent divided by 100). 


ST = 
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from these relations any percent impedance can be con- 
yerted to ohms. 


Ohms = (normal impedance) 


percent se pedanes 
100 


(9) 


Conversely any ohmic figure can be converted to percent. 
ohms 


ohms 
ore =100[ <- = 
creens e ormal a) 100( Zn ) up) 


Method 2—The magnitude of Z, from (8), (7), and 


(6) can be substituted in (9) and (10) and gives direct 
conversions: 
{10 kv? 


kva 
Percent = ohms( >) (12) 


lor example, a 15 000-kva, 13.8-kv to 66-kyv transformer 


bank has a reactance of 8 percent on the 15 000-kva base. ~~ 


Let it be required to determine its impedance in ohms on 
a 66-kv base. 
Normal current: 
_ 15.000 
"66.3 
Normal voltage: 
66 O00 


Q 
oO 


=13L amperes. 


iLy= =38 100 volts, line-to-neutral. 


Normal impedance: 
38 100 
131 


a= = 291 ohms per phase, line-to-neutral. 
Transformer impedance =8 percent of 291 
= 23.3 ohms per phase at 66 kv. 
_ The direct determination from (11) is, 
‘Transformer impedance 


_ 3(66)?(10) 


15 600 = 23.3 ohms per phase. 


The first method is longer, but gives other information 
senerally required in the problem, and has some advantage 
mM visualizing the procedures. 


6. Conversions to a Different Kva Base 


From (12) it is apparent that for a given ohmic imped- 
‘ince the percent impedance varies directly with the kva 
hase selected. Thus 10-percent impedance on a 10 000-kva 
base becomes 100-percent impedance on a 100 000-kva 
hase. When using percent impedances, all percentages 


should be expressed on the same kva base. 
7. Conversions to a Different Voltage Base 


_ In system studies if impedances are expressed in ohms 
it is desirable to convert them all to a common voltage base 
SO that transformer turns ratios need not be considered in 
the subsequent calculations. The terms “voltage ratio” 
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and “turns ratio” are often used loosely as synonymous 
terms, until more precise or important, calculations are 
being made for which it is desired to be quite accurate. 
Then the question sometimes arises as to whether imped- 
ances should be transferred to the voltage base on the 
other side of a transformer on the basis of its voltage ratio 
or its turns ratio. It is actually the turns ratio that counts 
and should be used as will be shown later in this section. 
The turns ratio is the same as the nameplate voltage ratio 
but differs from the terminal voltage ratio under load. 

Also in approximate calculations it is frequently assumed 
that for all parts of the system of the same nominal voltage 
the same transformation ratio can be used to the desired 
voltage base. This is a rough approximation and becomes 
exact only if the transformer turns ratios between parts of 
the system at the same nominal voltage are all unity. 
Barring this, one correct procedure is to select some onc 
point of the system as a base and transform all other 
impedances to this base by multiplying by the square of 
the intervening turns ratios. Once all impedances are on 
a common base they can all be transformed by a single 
multiplier to any other voltage base. 

When impedances are in percent on a given kva base the 
percent refers to a given normal voltage. Thus strictly two 
conditions must be fulfilled in sequence for percent im- 
pedances to be used in network solutions. First, the normal 
voltages to which the percentages refer must be in the same 
ratios as transformer turns ratios throughout the system. 
Second, the normal voltage used in converting the answers 
from percent to amperes and volts must be the same as the 
normal voltages on which the percent impedances are 
based. Otherwise approximations are involved. These 
approximations can be eliminated by suitable transforma- 
tions beyond the scope of this chapter except for the 
following general method. 

Where doubt exists as to the correct direct transforma- 
tion of percent impedance, the impedance of each element 
can be converted to ohms. The ohmic values can be con- 
verted to a common base as described above and combined. 
The result can be reconverted to percent on any desired 
kva and voltage base. This is the general procedure by 
which rules for direct percent-impedance transformations 
are derived. 

The pitfall of ignoring near-unity turns ratios extends to 
voltage also. Suppose a 13.8-kv generator feeds through 
step-up and step-down transformers to a 13.8-kv distribu- 
tion system and that impedances have been expressed on 
the distribution system voltage base. Suppose further that 
there is a resultant 1:1.1 step-up turns ratio between the 
generator and the distribution system. Then a generator 
operating at 13.8 kv would be at 13.8X1.1=15.18 kv on 
the 13.8-kv voltage base of the distribution system, and 
must be so treated in the calculations. Similarly, for cal- 
culations in percent, the same machine must be treated 
as operating at 110 percent voltage. The theoretical basis 
upon which all such transformations rest, and examples of 
their correct use is given in the following paragraphs. 

From an energy or power standpoint, no change is made 
if all voltages are multiplied by a constant, N, all currents 
divided by N, all impedances multiplied by N?, and all 
admittances divided by N*. When two circuits are sepa- 
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(d) TRANSFORMER OMITTED 


Fig. 3—Power invariant transformation. 


rated by an ideal transformer* of turns ratio NV, such an 
operation performed on the quantities on one side of the 
transformer with a corresponding change in the trans- 
former ratio, has the advantage of bringing the currents 
and voltages on the two sides to an equality. A direct 
connection can be made and the ideal transformer can be 
omitted from the diagram (see Fig. 3). Solutions can be 
made with the quantities on the fictitious or transformed 
voltage base, and they can be reconverted to actual 
quantities whenever desired. 

An actual transformer differs from an ideal transformer 
in two respects only. It has primary and secondary resist- 
ances and leakage reactances, which are no different than 
the same impedance connected externally. Its primary 
and secondary ampere-turns differ by a small quantity 
of exciting ampere-turns that excite the core. A shunt 
branch can be connected which draws the requisite exciting 
current if important in the particular problem. 

Example—aAs an example consider the circuit of Fig. 4, 
a generator, transformer and high-voltage line with a three- 
phase short circuit at the end. Suppose the short-circuit 
currents are to be determined. This problem will also illus- 
trate that calculations can be made interchangeably with 
impedances in ohms on any voltage base or in percent on 
any kva base. 

The generator reactance (assumed 15%) in ohms is 
from (11): 


*A transformer having zero exciting current and zero leakage 
impedance. 
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(15)(10)(13.8)?_, 
50 000 =0.571 ohms at 13.8 kv 
The transformer reactance in ohms 1s: 
(9) (10) (13.8)? 


50.000 = 0-343 ohms at 13.8 ky. 


The line impedance is, from Chap. 3. 
9.75-+ 757.9 ohms at 110-kv. [See Fig. 4(c)] 


DA ‘ 
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(d) IMPEDANCE DIAGRAM 
ALL IMPEDANCES IN PER UNIT ON A 50,000 KVA BASE 


_Fig. 4—Problem illustrating the expression of ohms on vari- 
ous voltage bases and the relation to percent on a kva base. 


The shunt impedances of this line are high (line CD’ Fig. 
2) and will be neglected for simplicity in this problem. 

Use of Generator Voltage Base—lIi the current in 
the generator is desired, it will be most convenient to 
express all impedances on the generator voltage base. The 
generator and transformer impedances are already on this 
base. The line impedance is converted to it by multiplying 
by the square of the turns ratio, usually taken as the 
nameplate voltage ratio corresponding to the taps in use. 
Thus the line impedance is: 

Pees 13.8\? oe 

.754767.9)( F) =0.154+ 70.910 ohms at 13.8 kv. 

The impedance diagram of Fig. 4(b) results, in which 
all impedances are expressed in ohms on a 13.8-kv base. 
The fault current in the generator is then: 


13 800 ‘ 
=< ee = +4350 ° 
1/3(1.830) JU amperes 


The current flowing in the line is: 
I’ =1330( 35) =545 amperes. 


Use of Line Voltage Base—A similar result would be ' 
obtained if the generator and transformer reactances had 
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heen converted directly from percent to ohms at 110-kv. 
The impedance diagram, Fig. 4(c) would then result, the 
fault current being calculated directly for the line and 


requiring & conversion (multiplication by eS) to deter- 
mine the current in the generator. 

Use of Percent on a Kva Base—A third method of 
approach is to convert the line impedance to percent on 
4 kva base, and “work in percent.’’? A convenient base 
will be 50 000 kva since two of the impedances are already 
known on this base. The line impedance is, from Eq. (12): 
9,75-+757.9) (50 000 
of Se Mi (4.0+-723.9)% on 50 000-kva base. 
The impedance diagram Fig. 4(d) results, the percentages 
being shown as decimal fractions or ‘‘per unit” to facilitate 
computation. 

In this case the current is: 


1.0 
T= 038 


=2.08 per unit or 208 percent of the normal 
current, corresponding to the selected kva 
base. 


oo 


‘This normal current is: 


50 000 


!n= 7503.8 or 110) 


= 2090 amp. at 13.8 kv 
or 262 amp. at 110 kv 


The generator and line currents are, therefore, 208 percent 
of 2090 and 262 or 4350 and 545 amperes respectively, 
which agree with the preceding calculations. 

The base selected obviously is immaterial. Had a 
100 000-kva base been used, the impedances in Fig. 4(d) 
would all be doubled and the resulting percent currents 
halved. But the normal currents to which these percent- 
ages refer would be twice as great, and thus the same 
number of amperes would be obtained. 


8. Phase Shifts in Transformer Banks 


In addition to magnitude transformation, the voltage of 
the reference phase in general undergoes a shift in angular 
position. For balanced conditions, that is, considering 
Positive-sequence quantities only, this is generally of no 
significance. For example, in the problem just worked out, 
the current in the reference phase of the line may or may 
not have been in phase with the reference or a phase 
current in the generator. If the transformer were delta- 
delta, the currents would have been in-phase; if delta-star 
they would have been 30 degrees out-of-phase, using the 
usual conventions. 

However, it should be recognized that an angular trans- 
formation has been made whenever the single-phase circuit 
or impedance diagram is used for the calculation of currents 
und voltages in a circuit including a star-delta connected 
transformer bank. The following statements should aid in 
determining the treatment required in any particular case. 

Radial Systems—In radial systems, the angle trans- 
formation is not usually significant as few phenomena 
involve comparisons of the phase angles of line currents 
Nn opposite sides of a transformation. Since currents and 
Voltages are shifted alike, power or impedance determina- 
tion at any one point in the circuit is unaffected by the 
angle transformation. 
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Transformer Differential Protection—A typical ex- 
ception is the differential protection of a transformer bank. 
Here the currents on opposite sides of the transformation 
are purposely compared and measures must be taken to 
correct for the shift if the devices used are sensitive to 
phase angle. 

SequenceVoltages and Currents—Positive-sequence 
voltages and currents are shifted the same as the reference 
or @ phase in progressing through a symmetrical trans- 
formation. Negative-sequence voltages and currents, if 
present, are shifted the same amount as the reference phase 
but in the reverse direction. Zero-sequence voltages and 
currents are not shifted in progressing through a trans- 
formation. 

Ideal Transformation—The shifts referred to have to 
do with the ideal transformer only, deleted of all leakage 
impedance and exciting current. That is, they depend only 
on how many turns of primary and secondary are used 
on each core and how these are grouped to form the phases 
on the primary and secondary sides. Symmetry with respect 
to a, b, and c phases is assumed. 

Regulating Transformers—A symmetrical three- 
phase bank of regulating transformers may involve both 
ratio and phase-angle transformation. Suppose that in 
progressing through a particular bank of this type, a 
phase-angle advance of 10 degrees exists in the reference 
phase. Then, in progressing through the transformer in 
the same direction, positive-sequence quantities (currents 
and voltages) are advanced 10 degrees, negative-sequence 
quantities retarded 10 degrees, and zero-sequence quantities 
not shifted at all. 

Standard Angular Shifts—The angular shifts of 
reference phase for various transformer connections are 
given in Chap. 5, Sec. 18. The American Standard* is a 
30-degree advance in phase in progressing through either 
a star-delta or a delta-star connected transformer from a 
lower to a higher voltage. When carried out consistently, 
this will permit interconnections at various system volt- 
ages without difficulty in phasing. However, at present 
practically all possible connections are in use throughout 
the industry. 


9. Loop Systems That Close 


Transformations of magnitude or angle in a system in- 
volving one or more loops can be treated similarly to a 
radial system provided that: 

a. The product of the magnitude transformation ratios 
for the reference phase, taken in a common direction 
around each closed loop is unity. 

b. The sum of the reference phase angular shifts taken 
in a common direction around each closed loop is zero. 


If each transformation ratio is expressed vectorially as 
Ne, including angular significance in the term ‘‘vector 
transformation ratio,” then a and } above can be combined 
into the single requirement: 

c. The product of the vector transformation ratios 

around each closed loop is 1¢!°. 


If the requirements a and 8, or c are fulfilled, then the 
circuits of the system can be divided into zones separated 
*ASA Standards C-57. 
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Fig. 5— Ratio and angular transformations. 


from each other by transformations. One zone, usually 
the one of greatest interest in the particular problem, can 
be taken as the reference zone. 

Example—FYor example, in Fig. 5 currents in various 
parts of the system are to be determined for a balanced 
three-phase fault on the 132-kv line. 

There is one closed loop in which: 


1 
1 33 jg0e \ [132 jg9° \ f ———— 
(Nie) (Noe) ( 7) aa, (Fe ) (ae ) 132 wage 
N3e 13.8 33 138° 
=1¢" (13) 


Therefore, the reference-phase impedance diagram can 
be prepared from the single-line diagram without showing 
any transformations. 

Let Zone 3 be taken as the reference zone and all im- 
pedances expressed in ohms on 132-kv base. The fault 
current, Z;, and the distribution of currents J, and [, are 
now readily determined. So also are the voltages through- 
out the network. It is recognized that in Zone 3 these are 
the actual reference phase currents and voltages. In Zones 
1 and 2 they are the actual quantities transformed to the 
Zone 3 base, and hence, must be transformed to their own 
respective bases to obtain the actual quantities. Since they 
are all positive-sequence currents and voltages, that is, 
normal balanced three-phase quantities, the actual cur- 
rents and voltages of the reference phase, which have been 
indicated on the single line diagram, are as follows: 
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In Zone 3 
Tf=It (14) 
E,=E, (15) 
In Zone 2 
, IaNo ee 
I = Riz =1,No€ 48 (16) 
ES. E, _&, JO. 
8 “Nee Ne (17) 
In Zone 1 
IN; ie 
I age = TN ie (18) 
, E. _E, ~f03 
aa eas (19) 


The Zone 1 quantities may also be expressed as follows, 
illustrating the general method to be followed when the 
zone in question is separated from the reference zone by 
several transformations. 


I yp LNW 
i ey 8 
E/= Ey ay E, 
‘ Ny Noe! & 6! NY 2 
The power at any point s, for example, can be cal- 
culated without transforming. For: 


me I:N Noe 04 


e? (01+ 82) 


PY +jQ.* oa Hee Ge a (Z.*) (f,Noe*™) = Ef, (20) 
; 2 


and 
P.+3Q.=E./, (21) 


These are the same. In other words the transformations 
described thus far and ordinarily used in analytical work 
are power invariant. They differ from transformations to 
a model scale for setting on a network calculator, in which 
power must obviously be scaled down. 


10. Loop Systems That Do Not Close 


If the product of vector transformation ratios around a 
closed loop is not unity, special consideration needs to be 
given. This case will be sub-divided into three parts, viz— 
(a) product of ratios not unity, (b) sum of angular shifts 
not zero, and (c) product of ratios not unity and sum of 
angles not zero. 

Product of Ratios Not Unity—Many transformers 
are provided with taps in one or more windings. With star 
or delta connected windings, use of these taps changes the 
ratio only, without affecting the angular shift through the 
transformer. Thus, by far the largest number of cases of 


non-unity vector transformation ratio around closed loops - 


falls in this category of ratio discrepancy only. 
Example—An example is shown in Fig. 6, in which two 
circuits A and B differ in capacity, the taps having been 
increased on the B circuit to make it carry more of the load. 
The power factor of the portion of load that can be thus 


shifted from B to A depends on the impedance phase angles 3 


of the A and B circuits being nearly pure wattless for pure 
reactive circuits, and pure watts for pure resistive circuits. ¥ 
Thus, for 60 degrees impedance angle circuits the shifted @ 
*See Section 2. 
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\OEAL AUTOTRANSFORMER 


(b) IMPEDANCE OIAGRAM ON ZONE 2 BASE 
WITH REMNANT TRANSFORMATION INDICATED 


E’20,8976—j0.0643 
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{c} CIRCUIT CALCULATED WITH SERIES EMF ZERO 


———ie 
1370.0142-jo.oll8 


E’= 0.0198 + j 0.0021 | 


— oe, ee 2 


(4) CIRCUIT CALCULATED WITH SHUNT EMFS ZERO; 
SERIES EMF ACTING ALONE. € =0,.0443-j0.0015 


Fig. 6—Product of ratios around a closed loop not unity. 


load is at about 50 percent power factor. The amount 
shifted is nearly constant, and not a percentage of the 
total load. Thus, at no load, there is a circulation over 
the two lines. 
: Suppose that the network of Fig. 6 is to be solved, and 
it is desired to work on the Zone 2 basis. Zone 3 can be 
readily transformed to this basis as explained in a preced- 
Ng section. However, no transformation can be found for 
One | that will result in both transformer ratios being 
unity. The best that can be done is to make one of them, 


Steady-State Performance of Systems Including Methods of Network Solution 


299 


for example A, unity by transforming the voltages of Zone 


1 in the ratio wae and currents and impedances by 


the corresponding factors. This leaves an uncompensated 
or remnant ratio to be accounted for in B, which may be 
represented as an autotransformer, Fig. 6(b). 

In a-c network calculator studies, small auto-transform- 
ers of the remnant ratio are used and no further consider- 
ation need be given. For analytic studies the simplest 
method is to neglect the remnant transformation ratio, 
provided great accuracy is not required. The order of 
magnitude of the circulating current can be estimated by 
dividing the inserted voltage by the loop impedance to see 
whether it can be neglected in the problem at hand. For 
example, if the remnant ratio is 1.05 the inserted voltage is 
of the order of 0.05 per unit under normal load conditions. 
If the loop impedance is 0.50 per unit the order of magni- 
tude of circulating current is 5 =0.10 per unit. 

If this cannot be neglected the following approximation 
is suggested in cases where the remnant ratio is close to 
unity. The accuracy of the method is indicated later by 
an example. 


a. Treat as though the ratio were unity and determine 
the resulting shunt voltage at the location of the 
auto-transformer. 

b. Determine the resulting series voltage introduced, 

138-132 6 
132 132 
voltage, and in phase with it. 

c. Determine the current circulated in the network by 
the action of this series voltage alone, setting the 
generator emf, #, equal to zero. Determine the volt- 
ages for this condition also. 

d. Superpose this set of circulating currents on the cur- 
rents previously calculated. Superpose the voltages 
similarly. The resulting solution is in error only by a 
correction factor of the second order which usually 
can be ignored, as will be shown subsequently. 

e. Where several such auto-transformers are required 
to “close” the impedance diagram, the circulating 
currents can be calculated separately, treating the 
ratios of the others as unity at the time. All of the 
resulting circulating currents can then be superposed. 
The resulting voltages can likewise be superposed. 


in this case =4.5 percent of the shunt 


This approximation is based on the concept that the 
auto-transformer could be replaced by a shunt load that 
draws the same current from the system as the main section 
of the auto-transformer and a series emf that impresses 
in series the same voltage as the short extension of the 
auto-transformer. With this substitution, the solution by 
superposition is exact. If the auto-transformer introduces 
five-percent voltage in series and the impedance to the 
resulting circulating current is 50 percent, then ten-percent 
current will flow. With five-percent voltage this amounts 
to 0.5-percent load, which is supplied from the system to 
the shunt winding of the auto-transformer, thence, to the 
series winding and back into the system, as /*X and [?R 
losses of circulation. As this load drawn by the shunt 


300 


winding is quite small, 0.5-percent in the case just cited, 
it is most frequently ignored. 

In general, introduction of the series voltage raises the 
voltage on one side of the auto-transformer and lowers it 
on the other side, as compared with the voltage that would 
be present if the auto-transformer were not there. Thus, 
if the series voltage is five percent, the shunt voltage 
applied to the auto-transformer will differ by not over 
five percent from that calculated with the auto-transformer 
removed. A correction of five-percent in the shunt voltage 
would change the series voltage from five-percent to 4.75 
percent. This small correction usually is not required. 
Thus, the steps as outlined from a to d above will usually 
be sufficiently accurate. 

Example—A comparison of the exact solution (by 
equations—-see Sec. 13) and the approximation in the 
case of Fig. 6 will illustrate the procedure and indicate 
the degree of accuracy to be expected. Assume a set of 
constants as follows, in per unit on the generator kva base. 
Assume the voltage to be maintained constant on the 
generator bus. 


A=j0.10 
B=j0.10 
C=0.10+j0.173 
D=0.10+ 0.173 
F=j0.10 
G@=0.90+ 0.50 


E=1+430 


Following the steps suggested above, the series voltage 
is first set equal to zero and the solution using the generator 
voltage alone is obtained, Fig. 6(c). The series voltage is 
4.5 percent of 0.9745 —70.0329 or equal to 0.0448 —70.0015 
and is directed to the right. Then, setting the generator 
voltage equal to zero and applying the series voltage alone, 
the solution of Fig. 6(d) is obtained. Adding vectorially 
the corresponding quantities in these two solutions, the 
superposed solution, Fig. 7(a), is obtained for the simul- 
taneous application of the generator voltage, H, and the 


In20.312I- } 0.1883 
E=10+j0 


hen 
| Tj7Is5 


—_—— i 
; 13#0.6717-jO.5215 | 
Ip*0.3596-j0.333241m 
— —> _ 


0.9667-j0.0360=E” E'=0.9174-j0.0664 | 


(a) APPROXIMATE SOLUTION “OBTAINED BY SUPERIMPOSING THE 


RESULTS OF THE SHUNT AND SERIES EMF'’S, FIG. 6 (c) AND (d) 
d C 


Ty20. 316-70. 


-j0. '91 

y 
Ieosrinjosest 

0,.355-j0.330#T m, 


E*1.0+jO 


& 


(b) EXACT SOLUTION BY SOLUTION OF THE EQUATIONS 


Fig. 7—Comparison of exact and approximate solutions of 
Fig. 6. 


Steady-State Performance of Systems Including Methods of Network Solution 


Chapter 10 


series voltage e, and is a good approximation to the exact 
solution of the circuit of Fig. 6(a) and (b) as will be shown 
by comparison with Fig. 7(b). 

The Exact Solution for the currents and voltages in Fig, 
6(b) can be obtained by writing Kirchoff’s Law for the 


TABLE 2— COMPARISON OF RESULTS BY APPROXIMATE AND 
EXACT METHODS OF SOLUTION WHEN PRODUCT OF 
VECTOR TRANSFORMATION RATIOS IS NOT UNITY. 

(REFER ALSO TO FIG. 7). 


‘ % Diff. 

By Approximate Method By Exact Method Diff. 

Exact 

| Vector Scalar Vector Scalar || 100 
I, | 0.672—j0.522 | 0.851 || 0.686—j0.536 | 0.870 2.18 
Is | 0.672—j0.522 | 0.851 || 0.670—j0 521 | 0.849 0.24 
Tn 0.312 —70.188 | 0.364 || 0.316—j0.191 | 0.369 1.36 
I, 0.360 —70.333 | 0.490 || 0.371 —j0.345 | 0.507 3.35 
Im | 0.360—j0.333 | 0.490 || 0.355 —-70.330 | 0.485 1.03 
E” | 0.967 —j0.036 | 0.968 || 0.965 —j0.037 | 0.966 0.21 
Ez’ 0.917 —70.066 | 0.919 |! 0.916 —70.067 | 0.918 0.11 


drops around each of the three loops and setting up a fourth 
equation stating that the total ampere-turns on the perfect 
transformer are zero. 


IB —I,B +1;3(0) +H” =F 
(22) 

—hB +1:(A+B+C+D)-—I;D +£2''(0.045) =0 
(23) 

I,(0)-—I,D +1;(D+F+G) —E£'(1.045) =0 
(24) 

I, +41,(0.045) — 1;(1.045) +E"'(0) =0 
(25) 


The solution of these simultaneous equations with the 
numerical values of the impedances A to G substituted, 
is given in Fig. 7(b). Table 2 shows the error in various 
quantities by the approximate method. The voltages are 
within 0.2 percent. The largest current error is 3.35 percent 
in 7. The sum of errors in J, and Jm are about 4.5 percent. 
This is necessary since these two currents are taken the 
same in the approximate solution and differ by 4.5 percent 
in the exact solution. 

Sum of Angular Shifts Not Zero—Regulating trans- 
formers or regulators as well as special connections of trans- 
formers can introduce angular shift. If the net shift around 
a closed loop is not zero but is small, the treatment is 
similar to that for ratio discrepancies except that the series 
voltage is introduced at right angles to the shunt voltage. 
On the a-c network calculator, transformers cannot be 


used to obtain a shift since the circuits are single phase. . 


Power sources must be used to introduce the necessary 
series voltages. 

Sum of Angular Shifts Not Zero and Sum of 3 
Ratios Not Unity—The series voltage can be introduced + 


at any desired angle, corresponding to the net vector trans-‘ 


formation ratio, and the currents superposed as outlined ° 
above, with appropriate phase relations. 


4 
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II. NETWORK SOLUTION 


11. Network Theorems** 


The Superposition Theorem states that each emf 
produces currents in a linear network* independently of 
those produced by any other emf. It follows that the 
emfs and currents of a given frequency can be treated 
independently of those of any other frequency, and of 
transients. The superposition theorem is a direct result of 
the fact that the fundamental simultaneous differential 
equations of the network are linear. (See any standard 
book on Differential Equations.) (See Sec. 13.) 

The Compensation Theorem states that if the im- 
pedance of a branch of a network be changed by an 
amount AZ, the change in current in any branch is the 
game aS Would be produced by a compensating emf —AZJ, 
acting in series with the modified branch, J being the origi- 
nal current in that branch. By compensating emf is meant 
one which, if it were inserted, would neutralize the drop 
through AZ. This theorem follows directly from the 
superposition theorem. 

The Reciprocal Theorem states that when a source 
of electromotive force is connected across one pair of 
terminals of a passivet linear network and an ammeter is 
connected across a second pair of terminals, then the source 
of electromotive force and the ammeter can be inter- 
changed without altering the reading of the ammeter 
(provided neither the source nor receiver has internal 
impedance). This follows from the fact that in Eq. (56), 
if all emfs are zero except Ho and &; for example, then if 


E.Ax 

D ¥ 
so that if H3= Ee, Iz=I, for the conditions of the theorem. 
Note that Agg = Ajo. 


E,=0, a while if E;=0, Js= 


12. Reference Current and Voltage Directions 


To specify uniquely a vector current or voltage in a 
circuit, some system must be adopted to label the points 
between which the voltage is being described or the branch 
in which the current flows. This system must also indicate 
the reference or positive direction. Two common methods 
are: the use of reference or positive direction arrows and 
the double subscript notation. 

Reference Direction Arrows—Fig.8(a)and(b)—When 
i network is to be solved to determine, for example, the 
current flow for a given set of impressed emfs, the network 
should first be marked with arrows to indicate the reference 
Positive direction of each current and voltage involved. 
qT hese can be drawn arbitrarily, although if the predom- 
inant directions are known, their use as reference-direction 
Mrrows simplifies later interpretation. 

The use of open voltage-arrowheads and closed current- 
‘trowheads will avoid confusion in numerical work, where 
the E and I symbols are not used. 

It must be decided at this point whether the voltage 


™See also Thevenin’s Theorem, Sec. 18. 
A linear network is one in which each impedance is linéar; that is, 
48 a straight line relation between current and voltage drop. 
A passive network is one having no internal emfs as distinguished 
from an active network. 
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Fig. 8—Methods of notation used in network solution. 


arrow is to represent a rise or a drop. In system calcula- 
tions it is generally used as the rise in voltage. While 
this decision is arbitrary, once made, it must be adhered 
to consistently. 

Finally a vector value must be assigned to the voltage 
or current. It can be expressed as a complex number, or 
in polar form or graphically and gives the magnitude and 
relative phase of the quantity with respect to some ref- 
erence. A symbol, such as 7;, can be used to designate 
this vector quantity. 

The known vectorial voltages or currents must be asso- 
ciated with the reference arrows in a manner consistent 
with the conditions of the problem. For example, suppose 
the problem in Fig. 8(a), is to determine the currents that 
would flow with the two voltage sources 180 degrees out 
of phase, and 100 volts each, rms, 60-cycle. Then if 2, 
is taken as 100+70, #, must be taken as —100+j0. Had 
the arbitrary reference-direction arrows been taken as in 
Fig. 8(b), then for the same problem a consistent set of 
voltages would be: 


E,=100+j0, E,=100+j0 


Ordinarily the reference-direction arrows for shunt voltages 
are directed from the neutral to the phase conductor as 
in Fig. 8(a). 

Summarizing then, the complete specification of a 
quantity in the reference-direction-arrow system involves 
three elements: 


a. The reference-direction arrow, drawn arbitrarily. 

b. An agreement, consistently followed as to what the 
reference-direction arrow means; particularly whether 
the voltage arrow means the voltage of the point 
above the tail or the drop from tail to point. 

ce. A vector to represent the magnitude and relative 
phase of the quantity with respect to a reference. 


Suggested convention: For voltages, the vector quantity 
shall indicate the voltage of the point of the arrow above 
the tail, that is, the rise in the direction of the arrow. It 
then is also the drop from point to tail. 
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Mesh Currents and Voltages—Refer to Fig. 8(c)— 
The “mesh current” system involves a somewhat different 
point of view. Here each current is continuous around a 
mesh and several currents may flow in the same branch. 
([,and f, flowin Z.) The branch current is the vector sum 
of all the mesh currents in the branch, taken in the refer- 
ence direction for the branch current. If such a network 
can be laid out “flat,” it is most convenient to take the 
reference direction for mesh currents as simply “clockwise” 
for example. Or circular arrows can be used as shown in 
Fig. 8(c). The example of solution by equations in Sec. 9 
illustrates the use of “mesh currents.” 

The same reference directions can be conveniently used 
for mesh emfs, which are the vector sum of all emfs acting 
around a particular mesh, taken in the reference direction. 

Double-Subscript Notation—Fig. 8(d)—A_ double- 
subscript notation is sometimes used and is of course 
equivalent to the drawing of reference arrows. Here again 
an arbitrary decision must be made as to what is intended. 
Suggested Convention: Refer to Fig. 8(d). 

I, means the current from s to t. 
E'sn means the voltage of s above n 
It is apparent then that Hns= —Hon; Iss= —lis, ete. 

Setting Up Equations—I{ the work is analytical, by 
the method of equations, the equations must be set up 
consistent with the reference direction arrows, regardless 
of the values of any known currents or voltages. Consistent 
equations for Figs. 8(a), (b), (c), (d), are as follows, using 
Kirchoff’s Laws (See See. 1): The voltage equations are 
written on the basis of adding all of the voltage rises in a 
clockwise direction around each mesh. The total must of 
course be zero. The current equations are written on the 
basis that the total of all the currents flowing up to a point 
must equal zero. Arrows and double subscripts have the 
meanings given in the “suggestions” above. 


Referring to Fig. 8(a). 


E,—1,Z,—IZ=0 (26) 
—1,Z,-E,+1Z=0 (27) 
I,—I—I,=0 (28) 

Referring to Fig. 8(b). 
E,—I,Z,—I1Z=0 (29) 
—1,Z,+E,+1Z=0 (30) 
I,—I—I,=0 (31) 


Fig. 9—General flat network. 
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Referring to Fig. 8(c). ; 
E,—1,(Z,+Z)+1,Z=0 (32) : 
I,Z2—1,(Z+Z,)—E,=0 (33) | 

Referring to Fig. 8(d) or 8(e). 
Esn—Is:Z_~IinZ =0 (34) | 

Lind ~Le:Z,— En =0 (35) 
Ia—Lin—ltr=0 (36) : 


In the double-subscript system, the voltages and cur. : 
rents could of course be indicated on the figure. They have | 
been purposely omitted in Fig. 8(d), however, to emphasize i 
that the specification of these quantities in Eqs. (34) and : 
(35) is perfectly definite from the subscripts alone. : 

Also, the inclusion of reference-direction arrows on the 
diagram, even when the double-subscript system is used, 
may aid in writing equations, although they are not 
strictly required. If used, they must be consistent with 
the double-subscript system. That is, each arrow must | 
be directed from the second subscript toward the first for 
voltages, and from the first subscript toward the second 
for currents. Fig. 8(e) illustrates such a diagram con- 
sistently labeled. 


13. Solution by Equations 


Representation—A network of nm meshes can be 
represented as having n independent currents, I; to In, | 
as shown in Fig. 9. The branch currents are combinations . 
of these. See Branch Currents below. ; 

Mesh Impedances are defined generally as: Z,q= 
voltage drop in the reference direction in mesh g per unit 
of current in reference direction in mesh p. The curved 
arrows indicate reference directions in each mesh. In 
general 


Zoq= Zap 


The impedances Zp, and Zp, are called self and mutual 
impedances. 
Specifically in Fig. 9. 
(First subscripts 7 and ¢ indicate inductive and capacitive 
reactances respectively.) 


| 
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Zu4=0 (40) 
Ete. 
Zn = Ry thet Rat Rin tj(X in tX ict Xia — Xor— Xec) 
(41) 
= —JX ide (42) 


[The polarity marks signify that the mutual flux links 
the two windings in a manner to produce maximum volt- 
ages at the same instant at the marked ends of the wind- 
ings. See Fig. 9(b).] 


Zu= — Rm (43) 
Z25=0, ete. (44) 
Zi = Zn (45) 
Z13 = Zy, ete. (46) 


Mesh Emfs—Reference-positive directions for branch 
emfs, Z., Ey, etc., are shown by arrows associated there- 
with. 

A mesh emf is the sum of the branch emfs acting around 
that particular mesh in the reference direction. 

The same reference direction will be used for mesh emfs 
as for mesh currents. 

Specifically in Fig. 9. 


E,=E,—E; (47) 

f.=—E, (48) 

E3= —F, (49) 

Ey,=Eqgt+E +E, (50) 
Etc. 

E,=E, (51) 


Equations—Kirchoff’s Law states that the voltage 


drop around each closed mesh must equal the emf im- 
pressed in that mesh. 


L2Zyt]efatlsZyt: +++) Za= Ey (52) 
LZ). + Loog+ 13Z 32+ + ++ +I nZng= Ee (53) 
TZ i3t+-T2Zog+[3Zag3+ +++ +InZna= Es (54) 

TZintLeZontTsZant+ +++ +InZnn= Ea (55) 


Mesh Currents*—Equations (52) to (55) can be 
solved for the mesh currents J, to Z,. The solution for 
current m any particular mesh, 7, is: 


EiAy . BeAy. B34 ELA 
ae p P Cael La eer erie 
where D is the determinant of coefficients 
ZuZnZ 31 Soh Znt 
ZL20Z39° ++ Za2 
D= 213223233 ° : -Z2n3 (57) 


ZinFurZ3n tag ‘Zan 
and A,, is the cofactor of Zpq in the determinant (57). 


I *The method of determinants is used to state the solution here. 
ao any method of solving the simultaneous equations (52) 
(55) for the unknown currents /, to Jn may be used. 
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The cofactor of a term in a determinant is the minor 
determinant obtained by eliminating the row and column 
containing that term, this minor being prefixed by a + 
or — sign depending on whether the sum of column num- 
ber and row number is even or odd respectively. In (57), 
the first subscripts define columns, the second rows. Thus 
the cofactor of a term has a + sign if the sum of sub- 
scripts on the term iseven. Since Zpq= Zap, it can be shown 
that Apq=Aap. 

In (56), the term involving EF) is the current that flows 
in mesh p if all emfs are set equal to zero except E,. Simi- 
2A po 


larly, the term is the current that flows in mesh p 


if E, alone acts and EF), H3, etc., are equal to zero. 
Specifically: 


E,An BoA E3Ao3 EAon we 
n= D + D + D +e D (58) 
where D is given by (57). 
And: 
212232" > *Zn2 
An=—!Z13Z33+ + + Zns (59) 
ZinZ3n ° . ‘Zann 
ZuZ31° 2 ‘Zn 
213233 * * *Zn3 
Aw=+]+ > (60) 
ZinZ3n med ‘Zon 
ZuZa°*-Znt 
Zi2Z39° - -Zn2 
Ag=—|- : : (61) 
Z1nZ3n 8 *Znn Ete. 


Branch Currents can now be obtained by combina- 
tion. The vector sum of all mesh currents flowing in a 
branch is the branch current. 

Specifically with reference to Fig. 9. 


I=], (62) 
Ih=h—-I, (63) 
I,= Tz (64) 
Im =I4—-Ty (65) 


Etc. 


Branch Voltages—The branch voltages, Eyx, Fy:, 
etc., or the voltages between any two conductively con- 
nected points in the network, as E,,, can be obtained by 
vectorial addition of all voltages, both emfs and drops 
through any path connecting the two points. 

The voltage drop from z to y, Dgy, and the voltage of 
point x above point y, Exy, are the same. 

(Note that drop is measured from first. subscript to sec- 


ond. The voltage of the first subscript is measured above 
the second.) 


804 
Dey =Exy =TRetjIlX ie — X ce) (66) 
Dy,=Ey,=TaRatjlaX ia—jl eX ide (67) 
Dui=Eai= — Et lnk (68) 
Dyr=Exn=T Ret jl e(X ie Xe) tlaka 
+97 aX ia — JT eX idee (69) 
Note that 
Dyi=DxytDy, (70) 
pone pee ee (71) 


Example of Solution by Equations—(a) Given the 
impedances and emfs of a network, Fig. 10, required to 


Xip 2755 OHMS Re25 OHMS Xc92.65 OHMS 


Eq#2.9+j56.6 VOLTS 
Xjc2!36 OHMS 


@ 


.29+j5.66 VOLTS=E5| 
Xjg2150.5 OHMS 


a 


Fig. 10—Example of a solution by equations. 


find the currents. Note: The headings (b), (c), etc., refer 
to the corresponding paragraphs b, ec, etc., in which the 
method and equations are given. 
(b) Mesh Impedances 
Zu =04+9(7.55+136) =0+7143.55 
Z2= Ly = —~—j113.0 
Zm=5+3(150.5 — 2.65) =5+j147.85 
(c) Mesh Emfs 
Ey= 2.9 +756.6 
Ey, = —0.29 —75.66 
(d) Equations. It is unnecessary to write these out 
completely since only the solutions are desired. However 
for completeness they are: 
7,(0+7148.55) +12( —j113.0)= — 2.9-+756.6 
Ti( ~j113.0 )+ Jo(5+ 7147.85) = —0.29 —75.66 
(e) Mesh Currents 


_(0+3143.6 = —J7113.0| _ , 

Dai sidan S4g47 9 | te 
Au=5+ 7147.9 
Ap=Aa=+j113 
Aw» =0+j143.6 

_BiAn , B:Aw 

Bop. ED 

_ (2.94 756.6) (5+j147.9) 4 (= 0.29 —J5.66) (7113) 

~ —8400+ 718 —8400+)718 

=0.921+ 0.007 

_ ByAn , FrAw 

ep Dp 
_(2.9+ 756.6) (j113) | (—0.29 —75.66)(+7143.6) 
—8400+3718 — 8400+ 718 
=0.662-+0.034 
Aw Aa 


Note that the term DD is the “transfer admit- 


tance” between meshes 1] and 2, or is the current in either 
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one of these meshes per unit of emf impressed in the other, 4 
Thus the voltage H, is —0.1 of H, and likewise the current 
in mesh 1 resulting from HE, is —0.1 of the current in mesh 4 
2 due to E;. : 


14. Solution by Reduction 


General—The currents flowing in a network of known # 
impedances, caused by a given set of applied emfs, can he @ 
determined by the method of superposition (See Sec. 11), a 
First the solution (currents in all branches of interest) ig # 
obtained considering one emf acting with all.others set % 
equal to zero. Following the same procedure for each emf # 
in turn, a number of current solutions are obtained. By ¥ 
the principle of superposition, the current in any branch, # 
when all emfs are acting at once, is the sum of currents in 4 
that branch caused by each emf acting independently with i 
the others set equal to zero. The principle of superposition : 
presupposes a linear network. The same reference direc. % 
tions must be adhered to for all solutions if the super- 4 

i 
4 
E 
i 
‘ 
t 
; 


position is to be a simple vector addition of the several 
current solutions. 5 

The solving of a network involving several emfs is thus a 
reduced to the more fundamental problem of solving a § 
network with one impressed emf. This can be accomplished & 
by the method of reduction. : 


Eazil00 Zq*j30 


a 
(b) ee 
Eo. Eo 
Zq |t00 
Zeh Zaa 
e h 
Zm Zn 
(e) 
d 
(d) 


Fig. 11—Solution by reduction. Bridge network current dis-j 
tribution. ; 
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Solution by Reduction consists of replacing portions 
of network, such as Fig, 11(a), by simpler equivalent sec- 
tions, Fig. 11(b, c, d), until a simple series circuit results, 
Fig. 11(e), which includes the impressed emf and one im- 

edunce branch. The current is readily calculated. Then, 
using current distribution factors obtained in the course 
of reduction, a reverse process is carried out, expanding the 
network to its original form and determining the division 
of currents in the process. The methods and equivalent 
circuits for carrying out this procedure in general are given 
in the subsequent paragraphs. 

The Network Equivalents will first be given. Network 
constants can be expressed either in admittance or im- 
pedance form. Some transformations are more readily 
performed in impedance form, such as adding impedances 
in series, or delta-to-star transformations. Others are more 
conveniently performed in admittance form, such as ad- 
ding admittances in parallel, or star-to-delta transforma- 
tions. For more complicated transformations, it is best to 
convert constants to the most convenient form for the 
particular transformation. For simpler ones, it is usually 
preferred to use one form or the other throughout the 
problem. 

The common transformations are presented in both 
forms. The more complicated and unusual ones only in the 
form best suited. Impedances (symbol Z) are reciprocals 
of admittances (symbol Y) and vice versa. 


That is 
1 
Zi > (72) 
viak (73) 
1 Zy ¥ 
CURRENT DIVISION DIAGRAMS 
Fa. Zq 


YW, \tmn 20.804 
(b) PARALLEL EXPANSION 1 
Eq Zq 


ig21.0 
i, 20.375 47 Sige 


i: i, if=0.625 Bi sosreei! 
90625 —— a iK20.375 f k ¢ 
{c) PARALLEL EXPANSION  (d) DELTA-STAR TRANSFORMATION 


Fig. 12—Solution by reduction. Bridge network current dis- 
tribution. 
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In all cases, the equivalent circuits are equivalent only 
insofar as the labeled terminals are concerned. For ex- 
ample, when a star with mutuals is reduced to a star 
without mutuals, the potential of the center point is not 
the same in the equivalent. 

Delta and star forms used in general networks are iden- 
tical with Pi and 7 forms used in specialized transmission 
forms of networks. See Fig. 15. The difference is simply 
in the manner of drawing the circuit. Thus the star-delta 
and delta-star transformations are at once, T to Pi and 
Pi to T transformations. The arrow between parts of the 
figures indicates that the figure on the left is being trans- 
formed to the figure on the right. It is assumed then that 
the currents are determined for the figure on the right 
and the equations under the figure on the left are for 
determining the resulting currents (or voltages) in it. 


15. Transformations in Impedance Form 
a. Impedances in Series (Fig. 13) 


z 22 Zz 
IVI OI. 
“OE e@oE E 
Fig. 13—Impedances in series. 
Z Z S = 
“7477 F (75) Z=Z,4+Z, (74) 
Ze Ze 
a 7 
€2 Zatz, Z (76) 


b. Impedances in Parallel (Fig. 14)—“The parallel 
of two impedances is the product divided by the sum.” 


Z, 
z 
° 0 vr — 
I~ 


igi 


Fig. 14—Impedances in parallel. 


. Zo VAVAY Cede 
= 78 Z= 17 
wp EG, eo Zag, Sh 
: Zi 
= 79 
tg ZitZ, ( ) 
z Zp 
b Ny ¢ b : C 
Zab Zco Zeb Zc 
Pi = DELTA 
a 
= a = = 
z Zz 
b DAWA C b C 
Zag : 2b Ze 
T = STAR 
zy 
a a 


Fig. 15—Pi and delta; T and stars or Y are the same. 
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Suggested order of calculation (80) 
D= Z1+Z2 
i, = = current in Z; per unit current in Z, (81) 
tg=1—2t,=current in Z_ per unit current in Z. (82) 
(1; and 7% are current distribution factors.) 


c. Delta to Star Transformation or Pi to T (Fig. 
16)—“The star impedances are the product of adjacent 
delta impedances divided by the sum of all delta imped- 
ances.” 


Fig. 16—Delta to star—impedance form. 


Les Zhe Zeakab 


Tw=— Plat Flo (88a) Z= (84) 
= ere (88b) 
Zo Len ZarLbc 
lige pit ple (89a) Zy= a (85) 
= —taplytteale (89b) 
=, _ See Zab <2) ZveLea 
iss D I Dp! (90a) o=—H (86) 
= —tbyelettanl a (90b) D=ZantZpet Zea (87) 
Suggested order of calculation* 
D=ZyytZretZea (87) 
. ky 
lab = 7 (91) 
Za == Zealab (92) 
tye= (93) 
Zy)= Zavtee (94) 
lea = D (95) 
Ze = Zvclea (96) 


(tab) te, tea ae Current distribution factors.) 


d. Star to Delta Transformation or T to Pi(Fig. 17) 


Fig. 17—Star to delta—impedance form. 


*Then after I, Ip, and I, have been found, Ica, Jap, and Ip, can be 
determined using Eqs. (88b), (89b), and (90b). 
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I,=Tea—Tap (101) Zp = DZ,Z (97) 

Ty=Tnv— Ive (102) Lve= DZZ. (98) 

To=Lbe—Lea (103) Lea=DZ.Z, (99) 
1 1 1 

“7G, F (100) 


Alternative forms of the transformation formulas fol- 
lows: 


Num. =Z,Zo+ZZe+ZoZe (104) 
N Z 
Ge se (105) 
N zZ. 
Zoe a = Dit Lot (106) 
N 
is mz eo 7. + (107) 


e. Star with Mutuals to Star without Mutuals 
(Fig. 18) 


c 


Zag 


Zs 


Fig. 18—Star with mutuals to star without mutuals—im- 
pedance form. 


Za=LytLpe— Zar Zea (108) 
Zp=Lo+ZLea— LZoe— Zar (109) 
Zo=ZLoetZLav— Zea Zoe (110) 


Polarity marks require that with all reference directions 
from center outward as shown, all self and mutual drops 
are from center outward. That is, it is understood that 
with the polarity marks as shown, the voltage drop from 
the center to a will be written: 


Dia= D.Zit+lyZatl Zea 


and the numerical (vector) values and signs assigned to 
Za» and Z,- must be such as to make this true. It follows 
that Za, is defined as the voltage drop from n to a divided 
by the current from n to b that causes the drop. 

Special case: 


to star without mutual. (Fig. 19.) 
b ¢ b c 
Zbe oS Ze 
ee 
2b 25 
Za Za 
a a 


Fig. 19—Star with one mutual to star without mutual 
impedance form. 


Za=ZLe +L. (111) b 
Zp = Ly— Zire (112) | 
Zo= Ze — Lie (113) J 


Star with one mutual between two branches . 


woe Dearie & 


Bian Rc i So 22 tities (ec Bost 
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f. Two Self Impedances and a Mutual Trans- 
formed to an Equivalent Star or T. Or the Equiv- 
alent Circuit of a Two-winding Transformer (Fig. 
20) 

z Ze 


0 c Ga Cc 
Zu ais — > Zi2 
Zi2 
b d b d 


Fig. 20—Two self impedances and a mutual transformed to 
an equivalent star or T. Or the equivalent circuit of a two 
winding transformer. 


Z,=Zy — Zig (114) 

Zo = Zo ~ Zy2 (115) 

Note: This transformation involves bringing b and d to the 
sume potential and is permissible only when these potentials are 
not otherwise fixed. Strictly, the form on the right is equivalent 
to that on the left with switch S closed. However, if the closure 
of S would not alter the current division, it can be considered 
closed and the equivalent circuit used. The resulting potentials 
E,y, and Eq will be correct but the potentials Z.. and Ea», which 
are definite in the equivalent, are actually indeterminate in the 
original circuit and must not be construed as applying there. 


See note under e for meaning of polarity marks, considering b 
and das point n. 


This is the familiar equivalent circuit of a two-winding 
transformer, provided all impedances have first been 
placed on a common turns basis. In this case Z. is the 
exciting impedance and Z = Z,+Z, the leakage impedance. 


16. Transformations in Admittance Form 
a. Admittances in Series (Fig. 21) 


CCC ete ee Oar trnn € 
<— <— <_ 
e,E eg @2E cg Eca 
Eca 
Fig. 21—Admittances in series. 
Y, Y.Y2 
pe fase SON = 116 
O= Ty, (117) Y Yay, (116) 
Y, 
>. = 11 
So verye. 
Suggested order of calculation. 
D=Y,4+Y, (119) 
in, (120) 
&=1l—-eaé (121) 
Y= Vie, or Yeo (122) 
b. Admittances in Parallel (Fig. 22) 
. Y, V1 
y= — = 
Pay (124) Y=Y,+Y2 (123) 
. Y, Y, 
lg == em ekind 
2 VitY. ¥ (125) 
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Y 
Y 
° —_—+ —$VY”@IV I 9 


il 
Fig. 22—Admittances in parallel. 


c. General Star to Mesh Transformation, or 
“Elimination of a Junction’ (Fig. 23) 


Fig. 23—General star to mesh transformation, or elimination 
of a junction—admittance form. 


Nore: A network can be solved by eliminating one junction 
point after another until a single-branch mesh remains. 

Ruuse: ‘A mesh branch is the product of adjacent star 
branches divided by the sum of all star branches.” 

The mesh contains n/2 (n—1) branches, where n is the number 
of star branches. 


YY. 
Ky=IntInt++++Ia (180) Yu=—* (126) 
YY. = 
Te=TiatIet++++:+tn2 (131) Y= - : (127) 
etc. etc. 
YoVaq 
Tp =lLiptlop t+: ++ +Lnp (132) Yoq= D (128) 
D=Y,4+ Yet Yst-:-+Y¥n (129) 


In which the positive reference direction for any mesh 
current I,q is toward terminal g. 
Suggested order of calculation. 


Y " 
D=YitYot Yet «+> +Y¥n (138) Fhe (137) 
YoY 
Thy (134) Ya=—5"=hYs (138) 
YoY 
Ypo_ny, (133) You= ee (139) 
Yu= Yi Ys =k Y3 (136) etc. 
D 
etc. 


d. Star to Deltaor T to Pi(Special case of c) (Fig. 24) 


a4 

| iene Beene ie (144) Y= (140) 
Yx¥e 

In=Tnn—Io0 (145) Yre=— (141) 


D 


Fig. 24—-Star to delta—admittance form. 


lo=Le—Lea (146) Yea= ns (142) 
D=Y,+YotYe (143) 


Suggested order of calculation same as for general 
transformation. (c¢) 


e. DeltatoStar Transformation, or PitoT (Fig. 25) 


Fig. 25—Delta to star—admittance form. 


Ian = —tealattrelr (151) Ya=DY oY ap (147) 
Loc= —taplyt+teale (152) Yi =DY wl ve (148) 
Tax Glottuls 68) YS DV uiXen (149) 
2 1 1 1 1 
where ae Fae (154) aaa CS RS Ta (150) 
: 1 
te = Dy, (155) 
; 1 
a= DY. (156) 


17. Examples of Solution by Reduction 


A power-distribution system network is solved by the 
method of reduction in Sec. 20. 

The following example is also given showing the method 
when two sources of emf are present. 

Solve for the currents in the network of Fig. 11(a) by 
the method of reduction for applied voltages as follows: 


Case 1. #,= 0+ 7100 volts 
Ea=50+ 70 volts 
Case 2. #,=30+/40 volts 
Ey=10+ 760 volts 


Obtain unit current division and total current division 
as indicated in Tables 4(a) and 5. 

The method generally is to resolve the network for one 
applied voltage at a time, with the other one set equal 
to zero. 

After solutions have been obtained for each applied 
voltage acting independently, these solutions are super- 
posed to obtain the current flow with both applied volt- 
ages acting simultaneously. 
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Particular attention is directed to certain relationshipg, 
The total current input resulting from a particular ap. 
plied emf is obtained by dividing it by the driving-point / 
impedance* at that pair of terminals. Thus, when the « 
driving-point impedances, Z,, and Zag, at the impresseq # 
voltage terminals have been determined, and the unit ‘ 
current divisions developed, the network is solved. This - 
is illustrated by Cases 1 and 2, which differ only in magni- 
tude of the applied voltages. The resulting currents jn 
these two cases are obtained from the same basic network 
solution. 

Solution—a,. Eliminate the mutual as per Eqs. (111- 
113) and combine impedances in series forming Z,. 


Zn =J20—710 =710 
Z\, =J30 —j10 =720 
Z,=J\10+ 30 =740 


ak Mae RL 


b. Let Ea=0 and replace star Z., Za, Zn by its equiva- 
lent delta from Eqs. (97-100). 


D =ootistan = —j(0.05+0.20-+0.10) = —30.35 


Zen = (—J0.35) (720) (710) =770 
Zee = (—J0.35) (720) G 5) = 935 
Zan =(—J0.85)9 5)G10) =J17.5 


c. Parallel the branches Zue and Z; also, Zan and Z, of 
Fig. 11(c), obtaining Fig. 11(d). 


D=2Z2,+Zae=J45 
. Lae J35 
UF D Sage 
tae = 1 —-0.78 =0.22 (in Zac) 
Zm = 0.22 Xj35 =77.77 
(Parallel Zan and Z,) 
D=2Zy4+Zay=J204 717.5 =787.5 


Bay {TS 
fe= Fy = g7 5 70-468 


fed 30,882 Ga Zab 
Z,=0.532Xj17.5 =39.333 


Gd. Zat+Zn=Zn =j17.10 
Parallel Znn with Zen=Zo 


D=Zinnt Zen = JA7.10+ 770 = 787.10 
«Doe AITAO. 
tea = sa AT A (through Z.n) 
tan = 1 —ten = 0.804 (through Znn) 
Zo = lmnZmn = 0.804 X% 717.10 = 713.74 
e. The impedance viewed from £, terminals is: > 
Zan = ZotZg=713.74+740 = 753.74 


f. Current Division for unit current in at (a). 


The symbol (7) has been used for current division 
factors. ; 
Let prime symbols be used for the currents in terms of 
one ampere total input to the network. 


*Driving-point impedance is that impedance measured looking 
into any pair of terminals of a passive network with all other ter- 
minals terminated in a specified manner. In this case all other 4 
terminals are short-circuited. ‘ 
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ép = 1.07, In a similar manner, for voltage applied at (d), the 
oh = ten = 0.196 driving-point impedance Zaqa and the current division and 
tm = 0.804 transfer admittances can be obtained. These are given in 
0 = 0 mute = 0.804 X 0.468 = 0.375 = 7," Tables 3 and +. It is essential that the same reference 
Ua =U mntar = 0.804 X0.532 = 0.429 directions be maintained for all current divisions, in order 
tf =U mats = 0.804 X0.78 = 0.625 that the solutions for applied voltages at different terminals 
U de =U mntde = 0.804 X0.22 = 0.179 can be superposed. 
te’ = 0.196 +0.179 =0.375 The current divisions of Table 5 for the conditions in- 
tn’ =0.196+0.429 = 0.625 = 1,' dicated in the second and third columns are obtained 
ta’ =0.429 —0.179 =0.250 directly from the basic network solution Tables 3 and 4. 
The six currents iy, ic, ir’, ie’, ta’, iy’ are given in Table For example with Z,=0+ 7100, 
(a) and constitute the current division corresponding to 7s Ey 0a 00 Sy 861 
unit current entering the network at a. Figs. 12(a) to (c) Lin JOBS. 
illustrate the steps in dividing the current. (or In=Ex¥a,= ~J0.01861(j100) = 1.861) 
g, Transfer admittances. See Table 4(b). ae : ae 
Multiplying by the unit current division correspond- 
oe iL = —j0.01861 ing to current in at a, the currents J, to J;, for 1.861 am- 
Zax 993.74 peres in at a, are determined. 
Yar =tn’ Yar = j0.01163 This method is particularly advantageous when many 
Vuo=te Yaa = 70.00698 different combinations of applied voltages are to be applied 
etc. to the same network. It is also convenient to obtain the 


Note: The transfer admittance, Ya», is the current in transfer admittances, as shown in Table 4(b). These are 
branch (b) in the reference direction per unit the currents in the various branches corresponding to unit 
voltage impressed in branch (a) in the reference Voltages applied at the respective driving points. It is 
direction. necessary only to multiply by any actual single applied 

voltage to obtain the corresponding current division. There 

is a check here, for the reciprocal theorem states that the 
current at (d) for unit voltage applied at (a) must be the 


TABLE 3 


Viewed tram Tapedance same as the current at (a) for unit voltage applied at (d). 
= oe es 18. Solution by Thevenin’s Theorem 

Thevenin’s Theorem? is useful in analyzing a net- 
TABLE 4(a) work or part of a network when its reactions at a particular 
; — pair of terminals are of prime importance. Through its 
um Unit Current Division use, a complicated network consisting of several emfs and 
ee i P b : d ‘ f impedances can be replaced by a simple series circuit of one 
a ferersecee emf and one impedance supplying the pair of terminals of 

1.0 0.625 | 0.375 | 0.250; 0.875 | 0.625 interest. The theorem can be stated as follows: 
d 0.091 | 0.545 |—0.455 | 1.00 |—0.455 | 0.545 With respect to any single external circuit connected to any 


TABLE 4(b)—TRANSFER ADMITTANCES (See note under g) 
I eh a a 


Current Division (Amperes) 


Unit Voltage at 


a b c d e f 
a —j0.01861 —j0.01163 —j0.00698 —j0.00465 —j0.00698 —j0.01163 
d —j0.00466 —j0 .02790 +70 .02328 —j0.05118 + j0 .02328 —j0.02790 
eT VOh TY Veo TIN. 0e1 90 
TABLE 5. 
a 
Condition Current Division (Amperes) 
Case 
E, Ea I, I, I, Ta I, It 
1 0+ 7100 0 1.861* 1.163 0.698 0.465 0.698 1.163 
0 50 +70 —j0.233 —71.395 +71.164 —j2.559* +j1.164 —j1.395 
7 0+j100 | 50-+70 a 1.861 —j0. 233 1.163—71.395 | 0.698+ 71.164 0.465—j72.559 | 0.698+ 71.164 1.163 —j1.395_ 
2 380+ )40 0 0.746—j0.559* | 0.466—j0.349 | 0.280—j0.210 | 0.186—j0.139 | 0.280-—j0.210 | 0.466—j0.349 
0 10+ 760 | 0.280—j0.047 | 1.674—j0.279 /—-1.397+ 70.233 | 3.071—j0.512*|/—-1.397+j0.233 | 1.674—j0.279 
80+940 | 104560 | 1.026—j0.605 | 2.140—70.628 |-1.117+4+j0.023 | 3.257—j0.651 |—1.117+j0.023 | 2.140—70.628 


*Total current for which the distribution is shown in that horizontal line. 
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given pair of terminals of a network, the nelwork can be 
replaced by a single branch having an impedance, Z, equal 
to the impedance measured at these terminals looking into 
the network (when all the network emfs are made zero) and 
coniaining a single emf, By, equal to the open-circutt voltage 
of the network across the given pair of terminals. 

The term emf as used here has a broader meaning than 
electromotive force. It is any voltage in the network that 
remains constant while the impedance connected to the 
output terminals is varied. Thus, the voltage of a battery 
of negligible internal impedance is an emf, while the voltage 
drop in an impedance is not, unless the current is held 
constant. (See later paragraph). A generator having regu- 
lation is segregated into an emf and an internal impedance, 
back of which the voltage is constant for the particular 
problem and hence can be treated as an emf. 

The General Case is illustrated by Fig. 26. The emfs, 
E,, Ex, and Es can be of any single frequency. If more 
than one frequency is present, the emfs of each frequency 
must be treated separately, as the equivalent circuit will 
not usually be the same for different frequencies. The 
impedances may be composed of resistances, inductances 
and capacitances, but must be linear within the accuracy 
necessary for the problem at hand. A linear impedance is 
one that satisfies Ohm’s Law, #=IZ, Z being a constant. 

With these considerations as a basis, Thevenin’s The- 
orem states that the circuit of Fig. 26(d) is equivalent to 


zy 


(a) NETWORK WITH LOAD DRAWN 
FROM TERMINALS x,y. 


i 


y  (b) EQUIVALENT EMF DETERMI- 

> NATION, SAME NETWORK AND 
: EMF’S, NO CURRENT DRAWN 
FROM TERMINALS x,y 


Ee 


(c) NETWORK IMPEDANCE 
MEASUREMENT OR CALCULATION 


$$ $90 
Eo fe (d) EQUIVALENT NETWORK 
Oo 

(d) y 


Fig. 26—Determination of equivalent network by means of 
Thevenin’s Theorem. 
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the circuit of Fig. 26(a), so far as the terminals z, y are 
concerned. H, is as measured with the terminals z, y open 
circuited in Fig. 26(b). Z is as measured in Fig. 26(c) by 
applying any voltage £’ of the frequency under consider- 
ation to z, y and measuring the corresponding vector cur- 
rent [’ with the emfs £,, Ez and E; short circuited. 7 is 
the vector quotient Z’/1’. 

An Example of the use of this theorem is found in the 
calculation of short-circuit current on a loaded system. 
The equivalent circuit of the system, up to the point of 
fault, consists of an emf, Zo, and an impedance, Z. E, 
is the voltage at the point of fault before the fault and is 
usually a known system operating voltage. Z is the im- 
pedance looking into the system at the point of fault with 
all emfs set equal to zero. The short-circuit current is then: 
I “2 Thus, it is unnecessary to determine the generator 
internal voltages. At a given operating voltage E, and 
fixed generating capacity, increased load tends to increase 
short-circuit current by lowering Z, the driving-point im- 
pedance at the fault with all system emfs set equal to zero. 

The method applies equally well to a network in which 
certain fixed currents are forced to flow, as by current 
transformers. Examination of the equations of a network 
having fixed current input reveals its identity with a net- 
work of fixed emfs. For example, consider the circuit of 


Fig. 27—Application of Thevenin’s Theorem in a network of 
fixed input currents. 


Fig. 27(a). The equations that involve the known input 
currents are: 


—1,A-1,(A+C+D)+/,C0+1,D=0 (157) 

+1.B-—I,(B+E+C)+1,C+InE =0 (158) 
The equations involving E, and E, in Fig. 27(b) are: 

E,-T,(A+FCH+D)+1,0+1nD=0 (159) 


Equations for the remainder of the network are the same 
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for Fig. 27(a) or (b). Tt is apparent that (157) and (158) 
aye identical with (159) and (160) respectively, if: 


E,=—I,A (161) 
Ho= —1.B (162) 


In other words, the terms —/,A and —J.B ean be treated 
as emfs in applying Thevenin’s Theorem, and the per- 
formance at terminals z, y treated through the use of 
open-circuit voltage and driving-point impedance. The 
latter 1s obtained with the input-current terminals, that 
is, the a, b, and ¢ leads from the current transformers, 
open circuited in Fig. 27(a), or the equivalent emfs, FE, 
and £), of Fig. 27(b) set equal to zero. 

A more complete discussion is given in Reference 
Number 2. 


19. Solution by Circulating Currents 


A ladder-type network common where transmission and 
distribution circuits parallel each other as in a-c railway 
electrification’ is represented in Fig. 28. The example is, 


15,000 KVA 
458% 4/0 COPPER 4FT, EQUIV. SPACING 
13.8 KV 
10 MILES tO MILES 10 MILES 
38/345 5000 kvA_ | 5000 KvA_ | 5000 KVA 


5% 5% 


53/38 


4/0 COPPER 3 FT. 
EQUIV, SPACING 


10 MILES 


LOAD KVA 5000 6000 2000 
POWER FACTOR (LAGGING) 80% 80% 80% 


Fig. 28—A general ladder-type network. 


10 MILES 


however, for a three-phase system. Suppose it is desired 
to determine the current division and regulation for the 
particular loading condition shown, without making a gen- 
cral solution of the network. This problem lends itself to 
the method of circulating currents. 

The voltages at the load buses must first be assumed 
and the kva loads converted to currents. The sum of the 
three load currents flow in the generator and constitute 
the current Z, in Fig. 29. These load currents and the 
generator current are assumed to be fixed for the balance 
of the problem. 

The division of 7, between I, and J, is next assumed. 
Now the voltage drops from 1 to 2, 2 to 5 and 2 to 3 can 


}0.635 
\ 


0.53+jI.8lt 


0.53 + jl.I76 


Eg 


3.03+j6.37 


LOAD KVA 5000 2000 
POWER FACTOR (LAGGING) 80% . 80% 80% 
Fig. 29— Impedance diagram for the system of Fig. 28. Show- 
ing the method of circulating currents. 


6000 
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be calculated. The current 7, is obtained by subtracting 
the load at 5 from /., and then the drop from 5 to 6 can 
be computed. Knowing the drops from 2 to 3 and 2 to 6, 
for the assumed current division, the drop from 3 to 6 is 
obtained by subtraction. This drop divided by the imped- 
ance f gives the current J;. Now the balance of the currents 
can be obtained, that is, Za and Z,. However unless a 
perfect guess has been made, the drop 3-4-7 will differ 
from the drop 3-6-7, and an arbitrary voltage, AH, must be 
included to make the voltages around the loop add to Zero. 

So far an exact solution has been obtained for the case of 
certain load currents, a particular generator voltage and 
a voltage AH. However, the solution is desired without 
AE. To obtain it a solution is next obtained for —AH 
acting alone. According to the conditions of the problem 
the load and generator currents are fixed so that these 
branches are considered open circuited when computing 
the currents caused by —AZ alone. This solution is there- 
fore quite simple and gives rise to a set of currents J.’, 
Iq’, ... I’, which are the “circulating currents” for which 
the method is named. 


Now let these two solutions be superposed; that is: 
I! = I.+I,! 
La’ =Ig+l! 


The resulting solution does not involve AE since the AE 
of the first solution is canceled by the —AF of the second 
solution. It is therefore an exact solution for the load 
currents assumed. The voltage drops from the generator 
to the several load points can now be computed, since the 
currents are known. Also, from the new load voltages, and 
from the load currents that have been held fixed through- 
out the solution, new load kvas and power factors can 
be computed. 

The net result is an exact solution for a set of conditions 
that differs more or less from those originally assumed. 
While this can be used as a basis for asecond approximation 
it is more generally considered the engineering answer. 
The loads are usually not known exactly; the solution 
obtained provides an exact reference point in the region 
of the loads assumed, and thereby provides a tangible 
basis for engineering judgment. 

There is much to be said for this type of solution as a 
system design tool, since it capitalizes experience and fore- 
knowledge of the order of magnitude of the answer. As 
an example the network of Fig. 28 has been solved for the 
loads indicated thereon. 

Example of Method of Circulating Current—The 
network diagram, Fig. 29, is obtained from the single-line 
diagram as outlined in Secs. 2 and 3. The 15 000-kva 
transformer impedance should be converted to ohms on a 
34.5-kv base and then multiplied by (13.8/33)? to convert 
to the 13.8-kv base at the load. The resulting diagram 
is on the load-voltage base, a conversion being necessary 
to change to or from the generator-voltage base, which is 
also nominally 13.8 kv. Thus with the generator at 13.8 
kv, the corresponding voltage to be applied in Fig. 29 is 
13.8(34.5/13.8) (13.8/33) = 14.42 kv or 4.5 percent above 
normal. In an actual case transformer resistances should 
be included as these are significant in regulation and 
loss calculations. 
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As a first approximation, assume the regulation in step- 
up and step-down transformers to total 10 percent with an 
additional 10 percent in lines. Allowing for a 4.5 percent 
above normal voltage at the generator, the loads should be 
converted to currents based on approximately 85 percent 
voltage or 11 700 volts. The load currents are given in the 
following tabulation. 


Location............0..02.0..... 5 6 7 Total 
Load kva...... 0.220.220. 5000 6000 2000 
Load Current Amps........... 245 295 98 638 


In the current distribution calculation which follows, the 
current J, must be guessed, or taken arbitrarily. Later 
a circulating current is determined, which, added to the 
arbitrarily assumed value, gives the correct current. It 
is advantageous to guess as close as possible so that the 
correcting circulating current is small. In fact if the guess 
is sufficiently close, the labor of calculating the distribution 
of circulating current can be saved. 


Is = 638 

I. = 300 
I,=I,—I, == 338 

Is = 245 
Inp=le—-Ts = 55 

I, = 338 

Ze = 0.53 + 71.176 
TLe = 179 +7897 
I. = 300 

Ze = +71.91 
T Le = +7573 
Ih — 55 

Zn = 3.03-+76.37 
InZn = 166.5 + 7350 
I Le = +7573 
Dase = 166.5 +7923 
TZ = 179 +7397 
TZ =— 13.5 +7526 
Zt = + 71.91 
Ts = 275 4+)7.1 
Is = 338 
Tg=lo-Ty = 638 —J71 
In = 55 

I; = 275 477.1 
In+ls = 3380 +4+)7.1 
Ts = 295 

tT, = 35 + 77.1 
Za | 0.53-+73.086 
Ia = 63 —j7.1 
TaZa = 55.3 +7190.7 
Z, = 3.03 +76.37 
Tk = 85 +97.1 
TZ = 60.8 +7244.5 
LZ =— 13.5 +7526 
Dser = 47.3 + 7770.5 
Dyyz=IaZa = 55.8 +7190.7 
AE =— 8.0 +7579.8 


Solution for Circulating Current. 


Steady-State Performance of Systems Including Methods of Network Solution 


Chapter 10 


Find the impedance as viewed from AE with load and 
generator branches taken as constant current branches, 
ie., open circuited for this calculation. Apply a voltage 
AE’ = negative of the AE required to close the mesh in the 
above calculation. 


Ze = 0.53 +7 1.176 
Ze = +7 1.91 
Zn = 3.03 +7 6.37 
23256 = 3.56 +7 9.456 
Zt = +7 1.91 
D = 3.56 +j11.366 
1/D = 0.0251—j7 0.0801 
Zt = +j 1.91 
Zi = +7 1.91 
Zoar = Q.0915+ 7 1.618 
La = 0.53 +7 3.086 
Zi = 3.03 +7 6.37 
Z = 3.65154 711.074 
1/Z = 0.0269 —7 0.0814 
—AEF=AE’= 80 -—j579.8 
I =AE'/Z =—46.98 ~j16.25 
Iv=-1], = 46.98 +716.25 | 
23256 = 0.1530+)7 0.0479 
I. = 641 +7474 
If =1J—1j = —40.57  —J11.51 
I{=~I/ =~ 641 —j 4.74 
I,/=—-—I, =- 641 —j 4.74 


The currents from the arbitrary distribution (requiring 
AF to close) and the circulating currents contributed by 
AE’ = —AE, are now combined to get the actual current di- 
vision for the load currents assumed. The circulating cur- 
rents are distinguished by prime symbols, the total division 
by double-primes. Fig. 30 illustrates this superposition. 


I'=I, = 638 +0 

I, = 300 +70 

I =— 64 —j4.7 
Ig = 293.6 —74.7 
I, = 338 +4)0 

I = 6.4 + 74.7 
Ef = 344.4 +7)4.7 
Ty! a 6A 7 
Ty! = 486 —j47 
ie oe O78. “Seg 74 
If =— 40.6 —J11.5 
IY! = 2344 —)44 
La =) 163) eg 
Ta! = 47.0 + 716.3 
Ta!" = 1100 +j 92 
I, = 85 +7 7.1 
I’ =— 47.0 —j16.3 
I! sao 7 09 


Check of Drops Around Loops. This solution can be 
checked by checking voltage drops around each loop. 


Byes 
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638+j0 338+jO 63-j7I 


ae {7 8.0+)579.8 


35+j71 


245+j0 


295+j0 
(a) ARBITRARY DIVISION AND VOLTAGE AE REQUIRED TO CLOSE 


98+jO 


6.44547 47.0 +)16.3 


us 


> 
J 
> 
wd 
—— 
40.6-j 
pe 


ae ° §.0-579.8 
~47.0-j163 , 


-6.4-j47 


(b) CURRENTS DUE TO AE‘*-AE 


638+j0 344.44j47 110.0+)j9.2 


2936-)47| 

Eg*!4,427 V. ON 
LOAD BASE 

213,800 V. ACTUAL 


LOAD CURRENT 245+jO0 295+j0 98+j0 
LOAD VOLTAGE 12,022 11,473 11,547 
REG. BELOW 13,800 V. 12.82% 16.86% 16.32% 
KW+j REACTIVE KVA 4081-j3061 4757-j3424 1574-j1!168 
LOAD KVA 5101 5861 i960 
POWER FACTOR (LAG) 80.0% Bl2% 80.3% 


(c) SUPERPOSITION. OF (a) AND (b) 


Fig. 30—Solution of the network of Fig. 28 by the method of 
circulating currents. 


Calculate the drop from generator bus to load point 8. 


if = 638.0 +0 

Zs =  0.53+31.811 
IZ, = 338.1 +j1155.4 
IZ = 9.0 +7560.8 
Dyas = 347.1 +j1716.2 


Regulation—Determination of Load Voltages. The 
magnitude of the generator voltage is known, but not its 
phase position. The phase position of the load voltage 
Es is known but not its magnitude. It is at an 80-percent 
bower factor position with respect to Js. The drop from 
generator to load point 5, Diss, is known _vectorially with 
Is as reference. Thus the magnitude, Es, can be deter- 
mined by the solution of a quadratic equation as shown 
below, or graphically as indicated in Fig. 31. 

Es=E,(0.8+30.6) 

Es+ Diyy= E, = 

E,=0.8H5+347.1+7(0.6H5+71716.2) 

ee (14427)? a i 5 é 

ve =a = (0.885 +347.1) + (0.6E;+1716.2) 

E3+2(1307.4)E— 66.313 X 10°=0 

E,= —1307.4++/(1307.4)?-+66.313 x 108 


Steady-State Performance of Systems Including Methods of Network Solution 


313 


D1957347.14+j 1716.2 CONSTRUCTION 


0.6E5+1716.2 


ie) i 2 3 


4 5 6 7 8 9 
4 _____0.8@, +3471 
KV L-N 
Fig. 31—Graphical determination of the load voltage E; in 
Fig. 28. 


1. The load current J; is along the reference line. 

2. Draw circle of radius 8330 volts on which EZ, must terminate. 

3. Draw construction line at the load power factor (80 percent) 
along which Fs must lie. 

4. Construct the voltage drop vector, Dys, and move it parallel 
to itself, with one end following the generator voltage circle, 
until the other end falls on the load voltage construction line. 

5. #, and Zs can then be drawn in and their vector values scaled 
off. 


Ey= — 1807.4 +8248 
= 6941 volts L-N 
= 12 022 volts L-L 
= 87.12 percent of 13 800 
= 83.33 percent of 14 427 


E,=6941 X (0.8+ 0.6) 
B,= 5558+ j4165 

Check of Voltage Drop from 1 to 6. 
By= 5553+ 74165 


Dus= 347+31716 
E,= 5900+ 75881 
= 8330.4 L-N 
14428 L-L 


The remaining load voltages are readily determined as 
follows: 


Es = 5553 +74165 
Tn’Zy = 177.2 +5295.3 
Es = 5375.8 +j3869.7 
= 6624 LN 
= 11473 L-L 
= 83.14% of 13 800 
79.52% of 14 427 
Es = 5375.8 +)3869.7 
Iy’Zy = 22.2 —j 1043 
E; 5353.6 +73974.0 
6667 L-N 
1k647 - Tels 


83.68% of 13 800 
80.04% of 14 427 
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Load Power Calculations. 


E; =( 5.553 +)4.165)kv 
31, = 735 -j0 
P5+jQs= (4081 + 73061)kva 
= 5101 kva 
at 80.00 percent power factor lagging. 
Ey = (5.375 +73.869)kv 
316 = 885 —Jj0 
PetjQs= (4757 = +73424)kva 
= 5861 kva 
at 81.16 percent power factor lagging. 
E, =( 5.354 + 73.974)kv 
3I, = 204 —-j70 
P7+jQ;= (1574 +71168)kva 
= 1960 kva 


at 80.31 percent power factor lagging. 


Generator Output Power. 


OF =( 5.900 +75.881)kv 

31, = 1914 —J0 

PytJQe= (11 293 +311 256)kva 
= 15 945 kva 


at 70.82 percent power factor lagging. 


Loss Calculation. 


P5+jQs= 4081 + 73061 
PetjQs= 4757 +73424 
P7+jQ;= 1574 +71168 
Total of Loads= 10 412+ 77653 
PetjQe= 11 293+711 256 
Losses = 881 + 7386038 


Kw Line Loss = 881/11 293 
=7.80 percent of generator 
output. 


Tn an actual case transformer resistances must be in- 
cluded in the diagram as these are significant in regulation 
and loss calculations. Transformer iron losses must be 
added to the copper losses thus determined to obtain the 
total loss. 

The solution given in Fig. 30 is exact for the conditions 
shown on the figure, which differ slightly from the original 
assumptions of Fig. 28. However, the total load is off 
only 1.3 percent and the regulation values therefore apply 
closely for the original conditions. In a practical problem 
it is not significant that the answer does not apply exactly 
to the original load assumptions. If the work is done with 
a calculating machine so that several significant figures 
can be carried, losses can be computed as the difference 
between input and output power, as shown. 


III. REPRESENTATION OF NETWORK 
SOLUTIONS AND THEIR USE IN SYSTEM 
PROBLEMS 


Network solutions can be represented in a variety of 
ways. For example a diagram can be labeled with all 
pertinent information obtained in the solution as in Fig. 
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30. This scheme is used most commonly in expressing 
current distributions. The solution can also be expressed 
as a tabulation of self and mutual drops and current divi- 
sion, or in the form of driving point and transfer imped- 
ances or admittances. General circuit constants such ag 
the ABCD constants or Pi and 7 equivalents can also be 
used to express the solution of certain types of networks, 
The following paragraphs describe these several methods 
of representing solutions and their uses. 


20. Method of Self and Mutual Drops 


The method of self and mutual drops constitutes one 
of the most useful means for fully describing the action 
of a complicated network in the form of a table of system 
constants. It is applicable principally to single-source sys- 
tems or to systems in which all of the generator voltages 
can be taken equal and in phase. However, its use can be 
extended to multiple-source systems provided that either: 

a. All sources but one are treated as negative loads, 

b. The emfs of the several sources are fixed in magnitude 

and phase position with respect to each other. 
The method will be described with respect to the single- 
source system, and the multiple-source system treated as 
an extension. 

ASingle-Source System Without Shunt Branches 
other than the loads, is shown in Fig. 32(a). Each of the 
loads draws current through the network causing voltage 
drop from the generator bus g to the bus on which it is 
connected. Each load likewise causes voltage drops to the 
other loads, known as mutual drops. As these drops are 
proportional to the load current, they can be determined 
by finding first the drop resulting from unit load and mul- 
tiplying by the value of load. Accordingly, the following 
definitions will be found of use. 

Zs, is the voltage drop from g to a caused by unit load 
current drawn from the network at a. It is called the self 
drop constant. 

Zq» is the voltage drop from g to b caused by unit load : 
current drawn from the network at a. It is called the ; 
mutual drop constant. 

Note that the self and mutual drop constants Za, and Zan a8 4 
defined and used here in Sect. 20, differ from the self and mutual ° 
impedances defined and used in Sections 13 and 21. The Z with 
double subscript is used in each case to conform with accepted / 
terminology. 

In both cases current is admitted at g and the unit load ° 
referred to is the only load. Obviously, the self and mutual 
drops have the dimensions of impedance but the term drop 4 
will be retained to distinguish from the terms self and 4 
mutual impedance that are used otherwise. For unit loads 4 
at other points the self and mutual drops are similarly - 
defined. Thus associated with the network of Fig. 32(a) 
are the nine drops: q 


Lon Zob Lac 
Lon Zoo Ze 
Lew Zeb Lee 


The first subscript denotes the point at which unit cur- 4 
rent is drawn; the second denotes the point to which the ¥ 
drop is measured. However, in all cases mutual drops 4 
between the same two points are equal. That is: ; 
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LOADS 


“ (a) SINGLE LINE DIAGRAM. 


(b) IMPEDANGE DIAGRAM WITH 
LOADS Ig, Ib ylg- 


(c) NO LOAD CONDITION. (f) LOAD AT ¢ ONLY. (i) UNIT CURRENT DRAWN AT c. 
Fig. 32—A single-source system without shunt branches. Illustrating the method of self and mutual drops. 


TABLE 6—CURRENT DIVISION 


Unit. Load Current 
— at Toa Icgp Toc Ipe Toa Tos Tas 
A 0.667 —j0.013 0.197 —30.003 0.136 -+j0.016 0.197 —70.003 9.243 —70.003 9.090 +-30.016 |—0.090 —30.016 
B 0.556 —70.021 0.264 —70.002 0.181 + 70.023 0.264 —70.002 |—-0.040+ 70.017 0.484 +-70.004 0.516 —70.00+ 
C 0.445 —70.029 0.329 —j0.000 0.226 +70.029 0.329 —70.000 | —0.323+70.037 |—0.122 —70.008 0.122 + 70.008 
D , 0.060-+ 30.005 0.911 —70.013 0.029-+70.008 |—0.089—j0.013 |—0.044 —70.001 |—0.016 —70.004 0.016 + 70.004 
Zar =ZLoa (163) The resulting tabulations of current division and self 
Zac=ZLea (164) and mutual drops, as illustrated in Tables 6 and 7 for the 
Zve=Zer (165) network of Fig. 33, are the basic network solution. They 
The drops can be calculated or measured on a network TABLE 7 
calculator. Unit current is drawn from one of the points Self and Mutual Drops 
of interest, for example load point a of Fig. 32(a), and the Voltage Drop t 
voltage drops from the reference bus, g, to each of the load Unit cl scam a 
Points a, 6, and c measured or calculated. These are the Load At A B C D 
self and mutual drops Zaa, Zab, and Zac, respectively. The §=————|—————_| —___-_-___|__~* 
Current division for this condition should likewise be Zaa Zap Zac Zap 
recorded, A 1.28+j2.08 | 1.104-71.71 |0.916 471.345) 0.10+j0.19 
This process is repeated in turn for the other cardinal Zpa Zo Zc Zep 
load points b and c. Mutual drops must check according B | 1.002+j1.712|2.447 +j3.554) 1.200 +j1.808/ 0.126 +j0.263 
to Eqs. (163-165). If the solution is to be used for a study Zca Zc Zee _ Zep 
of short cireuits and relaying, it is generally necessary to e O.OETI1.36 [1.208 +9182 | _1.40-+72,28 10.154 470.528 
Melude many cardinal points that are not strictly load Za Zon Zoe Zo 
Points, but are line junctions, ete. D___|0.096 +j0.196,0.125 +j0.261/0.154 +j0.326 0.440 +j0.897 
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a-3 


4.55 MILES 
155+j3.18 
1.384+j2.89 


a=PARALLEL=0.474j1,00 
1.38 +)2.89 


1854+j3.15 

4.85 MILES 
7.78+j9.04 
8.9 MILES 


IIL KV 
SUB-TRANSMISSION 
SYSTEM 


eo 
7) 
Siw 
ae 
oOl= 
T= 
who 
O|r 
Tis 


1444j3.02 
4.75 MILES 


2.60+j3.59 


2.60+)j3.59 
5.4 MILES 


B 
ALL IMPEDANCES ARE IN OHMS ON I! KV BASE 


Fig. 33—Single-line diagram of a typical 11-kv subtransmis- 
sion system. 


can be used in many of the problems of interest in the 
performance of systems; that is, regulation, short-circuit 
currents, losses, loading of lines and equipment, phase 
angles, circulating currents, stability, etc. 

Current Dwwiston—To determine the current division 
for any particular loading condition the current division 
corresponding to unit load current at a point is multiplied 
by the actual load current at that point. When this has 
been done for each load point the resulting currents are 
superposed giving the current division for the simultaneous 
loading condition. 

Let pq be the total current from p to g, where pq is 
some particular branch of a network. 

Then in a network of n cardinal load points, if [1, fe, ++, 


I, are the load currents drawn from the network, the 
current from p to gq is: 


Dpqg= DN pqtLele-pat * * ATT n-pq (166) 


where Jq.pq 18 the current in any branch pg caused by unit 
current drawn at n. 

Thus, once the basic current divisions have been deter- 
mined for unit loads at the cardinal points, the current 
in any branch can be readily determined for any given 
load condition. 

Regulation—TIn a similar manner, to determine the regu- 
lation under a condition of simultaneous loads at several 
of the cardinal points, the self and mutual drops for unit 
load at a point are first multiplied by the actual load at 
that point. When this has been done in turn for each load, 
the resulting drops are superposed to obtain the voltage 
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drops corresponding to the simultaneous loading condition, ‘ 
as stated in the following equation. ‘ 
Let D, be the total drop to a typical point p. 


Dy =NZ1p + LoZap + ec +1,Znp 
Or the voltage at p may be expressed : 
B= Ep! —T:Zip—TaZap Lidup (168) ; 


where £,’ is the voltage at p with no load on the system’, 

The superposition theorem applies strictly to a fizeg & 
network and may appear to preclude the possibility of ¥ 
connecting loads to various terminals. Fig. 32 illustrates‘ 
the philosophy under which this problem is brought within 
the scope of the superposition theorem. Part (a) is the 
network with all loads connected, and (b) is the correg- 
ponding impedance diagram with loads replaced by the # 
load voltages H,, Ey, and HE, and the load currents 7,, I,, 
and J,. The load voltages can be viewed as emfs as far ag 
relations within the portion of network from g to a~b-e 
are concerned. Part (g) illustrates unit current drawn ata. # 
According to the definition, the drop to a is Zsa; hence 3 
starting with zero voltage on the generator bus the voltage : 
at a must be —Z,,. Similarly the voltages at b and c must ‘ 
be ~Za,» and —Z,, respectively. Thus unit load at a can 
be viewed as produced by zero ae voltage and by 
voltages — Zea; ~Z» and —Z,, acting at a, b, and ¢,¥ 
respectively, in the same network as Fig. 32(g). Parts (h) | 
and (2) illustrate the corresponding voltages required t 
produce unit load current at b and c, in this same network. » 

It is at once apparent that if all voltages and currents ; 
of Fig. 32(g) are increased in the ratio J,/1, the resulting» 
emfs are those required to produce current J, at a and zer 
load current at the other two points. This condition i 
shown in Fig. 32(d), and the corresponding conditions fo 
loads at b and c are shown in 32(e) and 32(f) respectively. 

Part (c) is simply the no-load condition illustrating load 
emfs equal and opposite to the generator emf, producing ‘ 
zero load currents in the same network. 

If now the four solutions of the same network, as give 
in (c), for the no-load condition and in (d), (e), and (f) fo 
loads at a, b, and ¢ respectively, are superposed, th 
resulting solution for the general case, Fig. 32(b), is 
obtained. Thus: 


(167) 4 


Fy = Ee! —TZoa—-T 0 Zn—T Zea (169) 
Ey = By! — 1,2 —InZvn—1eLer (170) 
E.= Ed —UZ0— Tp Zoe — Zee (171) 


And in this case, as shown in Fig. 32(c): 
LE, =H,’ =E.' =E, 


Other Than the Loads—As an oat of the use of this: 
method, suppose a general solution is desired for the system 4 
of Fig. 33. Also the improvement in regulation at points, 
B, C, and D, when 2500 kva of capacitors are added at § 


condition. The network is solved by the method of reduc-g 
tion. See Secs. 14-17. It is first reduced to a single branchj 
by employing several series or paralleling operations andy 

“The voltage at the source point from which drops are measured A 
is assumed to remain constant. 
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Fig. 34—Reduction of the system of Fig. 33 with respect to 
terminals G and B. 


a delta-to-star conversion. Current distribution factors, 


symbol z, obtained in the course of this reduction are used ~ 


later in the current distribution calculation. The steps 
of reduction are illustrated in Fig. 34. The steps in the 
subsequent current distribution calculation are illustrated 
in Fig. 35, the network being expanded in reverse order, to 
its original form. Fig. 35(c) shows the current distribution 
for a one ampere load at B. The mutual drops are then 
obtained by calculating the voltage drop from generator to 
each load point, using the impedance diagram Fig. 33 and 
current diagram Fig. 35(c). 

This procedure is repeated in turn for unit current at 
each of the load points, and the results tabulated as in 
Tables 6 and 7. The symbols Zaa, Zap have been included 
in Table 7 to identify the drops, but this in general is 
not necessary. 


Typical Calculation of Self and Mutual Drops and Current 
Division. Unit Load at B 


Combine a and c in Series. 


a = 0.47 +7 1.00 
c = 405 +) 5.90 
a+ec = 4.52 + 76.90 
Parallel b with ate. 

a+e = 452 +76.90 
b = 7.78 +79.04 
D=sum =12.30 +715.94 
1/D = 0.03034 — 0.03932 
ate = 4.52 + 76.90 
t= (ate)/D= 0.4075 + 70.0321 
b = 7.78 + 79.04 


h=parallel b with (a+c)= 2.8802 + 73.9335 
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Convert Delta ABC to Star* 


Zs-3** = 260 + 73.59 
ZB-c = 2.60 + 73.59 
Zax = 144 +)3.02 
D=sum = 6.64 +710.20 
1/D = 0.04483 —70.06886 
ve = 260 +)73.59 
tan=Za-pn/D = 0.3638 —j0.0181 
Zo-a = 144 +73.02 
Za=Zc-alaB = 0.5785 + 71.0724 
1/D = 0.04483 —70.06886 
Tae = 260 +73.59 
tro =Zp_c/D= 0.36388 —j0.0181 
ZA-B = 2.60 +73.59 
Zn=Za-zisc = 1.0109 + 71.2590 
1/D = 0.04483 —70.06886 
Zo-a = 144 +73.02 
tea =Ze-a/D = 0.2725 + 70.0362 
ZB-C = 2.60 + 73.59 
Zo=Zp-ctca = 0.5785 +71.0724 


0.5554 —-j0.0205 
0,1805+j0.0226 


10.5159-j0.0036 


0.4842 +j0.0036 


1+jO (c) 


Fig. 35—Current distribution in the network of Fig. 33 for 
unit load at B. 


*See equations (87)—(96). 
**Z ,-p is used here for impedance of branch from A to B to 
distinguish it from Zap, the drop to B for unit load at A. 
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Refer to Fig. 34 and Combine d and k in Series. In=—Ie = 0.4446+-70.0205 
d = 1.85 +393.15 de = 0.4075+ 70.0321 
k = 0.579 + 71.072 Igc=tly, = 0.1805+ 70.0226 : 
Series h and 1. Mutual Drops. 4 
h = 288 +)3.93 Toa = 0.5554 —J0.0205 { 
i = 0.579 471.072 ¢ = 186 498.15 : 
pehgl = 3459 475002 75.002 ZBA = 1.0921+ 71.7116 ‘ 
Tao = 0.1805-+ 70.0226 ; 
Parallel » and p. b = 7.78 +59.04 ; 
n = 2.429 + 34.222 Zac = 1.2000+ 1.8075 3 
P = 8.459 +75.002 lap = 0.2641—70.0021 4 
iD ere ‘ oe : 
= 0.04917 ~j0.077 vA = 0.12624 0.2631 : 
p = 3.459 +75.002 ru a ; 
tn =p/D = 0.5554 —j0.0205 The current division and self- and mutual-drop factors 4 
n = 2.429 +74.222 from these calculations are tabulated in Tables 6 and 7, t 
r=pn/D = 1.4356 +/2.2951 together with similar factors for unit loads at A, C, and D. 
tp=1—ty = 0.4446 +70.0205 Regulation—Tables 6 and 7 are considered to be the 


Series r and m. 


basic network solution. Their use in the regulation problem 
will now be outlined. 


- = 1.4356 -+j2.2951 The chief problem is to express the several load currents 3 
ie = 1.011 +31.259 in proper phase relationship to a single reference voltage, 2 
Fic e 2.4406 473.5541 either the voltage at one of the most important load points 4 


Current Division*. Refer to Figs. 35 and 34. 


or the generator-bus voltage. 
If they are expressed with respect to the generator-bus 


es en voltage, a simple deduction of vector drops from this 
cc - a fond go tons voltage gives the load point voltages so that the load 3 
oe = —0.4446— 70.0205 yoy Hees and kva can be checked and a correction : 
Lee = oO made if necessary. i 
ae = Bry aos If there is considerable drop in the system but theim- —& 
Bi = 0115214700145, portant load voltages are nearly alike, it is preferable to i 
rene, Rests wena use one of these load voltages as reference. The generator- 
isc = 0.3638—j0.0181 voltage phase position can then be determined graphically 
Iz = 1.0000+ 70.0000 or by the solution of a quadratic equation as outlined in 
teeta = 0.3638—70.0181 the exaniple of the circulating current method Sec. 19. A _ 
ioe = 0.5159 — 70.0036 simplified modification of this method is given below. In 
s et either method the proof of the assumptions lies in the 
= —tcalattacls check of load kva and power factor and corrections can 
—TAaB = —0.3638+ 70.0181 be applied if the assumed values prove to be far enough 
I =  1,0000+70.0000 off to affect materially the regulation values and currents 
~—tapls = —0.3638+-70.0181 of interest. 
: 2 : The present problem is to calculate the regulation for the 
a 7 pie ae system of Fig. 33 under normal heavy load conditions, 
a = pea he le Case 1, Table 8, and also with several capacitor banks 
teal = — 0.1204 ~ 90.0217 added as indicated in Case 2, Table 8. 
Isc = — 0.4842 —70.0036 A practical problem now arises that is not immediately 
=—taslpticale evident from Eq. 168. The load power factors given fix 
Sane = —0.3638+ 70.0181 the positions of the currents with respect to the final load 
Fe = —0.4446 — 70.0205 voltages, (Hp in ome nee 7 sae to os 
os 2, “Fanaa. Anne generator or “no load” voltage E’,. us the phase rela- 
tncle = O16 2B 70.0006 tions between the generator voltage and the drops cannot 
tap = 0.3638— 70.0181 be determined directly. A further difficulty exists in con- 
Is = —0.5554+70.0205 verting the loads from kva to amperes since the load 
tanla = —0.2017+ 70.0175 aioe - ot yet known. F 
~— _nne0k Lan nino” straightforward method of approach would be as 
ca _ Pee oe follows. First assume that all load voltages are equal to, 


and in phase with, the generator voltage. Convert load 


*See equations (88b), (89b), (90b). kva’s to vector currents with this voltage as reference. 


Chapter 10 Steady-State Performance of Systems Including Methods of Network Solution 319 
TABLE 8—REGULATION WITHOUT CAPACITORS (CASE 1) AND WITH CAPACITORS (CASE 2) 
rea Resulting Drops to 
Load 
Gise sumed Amperes B Cc D 
a Regu- * 
At kva—p.f. lation Volts Reg. Volts Reg. Volts Reg. 
1! B 2500-90% | 11.0% | 180.1— 763.1 | 543.5+7309.1 271.4+j161.0 32.9+526.2 
Lag 
Cc 4500 85% 13.0% | 226.6—j140.3 | 526.1-+3240.7 656.3+j304.9 81.24752.9 
Lag 
D 11 200—85% 9.0% | 539.3—j333.7 | 154.9+j102.6 190.9 +123.8 539.7 +j341.0 
Lag 
1224.54j652.4 | 19.4 | 1118.6+7589.7 | 17.7 | 653.8+7420.1 | 10.5 
Total voltage drop 
All as Pee Panne 
Cateuiaied load 2265kva — 90.4% 4254kva —84.9% 11 Ollkva—83.4% 
Lag Lag Lag 
2 B 2500 —90% 5% | 122.1+ 776.6 26.4+7622.0 8.0+ 7313.3 —4,7+741.6 
plus 2500 —-0%t 
= 2655 —84.7% 
Lead 
C 4500 ~85% 5% | 207.5+37.0 236.7 +7384.0 293.6 +7481.3 29.9 +369.3 
plus 2500 -0%f 
= 3827 —99.9% 
Lead 
D 11 200 -—85% 2.5% | 503.4—j179.9 110.7 + 3109.7 137.4+ 7137.6 384.7 +7376.3 
plus 2500 —U0% t 
=10 110=94.2% 
Lag pes 
373.8431115.7 | 6.7 | 439.04 7932.2 7.8 | 409.9+7487.2 7.1 
All Total wolvene drop 2609kva 82.8% 3715kva—99.9% 9635kva—91.6% 
Calculated load 
Lead Lead Lag 


For Case 1 use F, =6438.6 +7600; For Case 2 EF, =6403.6 +7900. 
{Capacitors (6466.5 volts L-N) 


*Based on load voltages—all in phase—taken as reference, but below the generating bus voltage of 11.2 kv by the “assumed regulation” 


values. 


Then calculate and deduct the drops to determine the 
load voltages corresponding to this first approximation of 
the currents. The currents used will not have quite the 
right phase positions or magnitudes, when associated with 
these load voltages, to agree with the loads and power 
factors specified. 

However, with these load voltages a new set of load 
currents can be calculated, the drops recalculated and a 
second approximation to the load voltages determined. 
This process is highly convergent and the second approx- 
imation would ordinarily be sufficient. In fact by making 
two judicious guesses, one an estimate of regulation to each 
load point and the second an estimate of phase shift from 
generator to load, the first approximation is nearly always 
sufficient and but a single calculation is required. This is 
the procedure followed in the subsequent paragraphs. 

The assumed regulation to the load points is a straight- 
forward estimate from experience or from the quick esti- 
mating tables of Chap. 9. However, the treatment of the 
phase-angle estimate bears some further explanation. First 
the load voltages are assumed to be in phase. Making use 
of the regulation estimates the vector load currents can be 
calculated with this common load voltage phase as a refer- 
ence. The vector drops can be calculated and consist of in- 
Phase and out-of-phase drop components. The generator 
Voltage is now selected leading the reference by the average 


reactive drop to the loads. The example will make this 
clear. The magnitude of generator voltage is a given 
quantity. It is apparent that when the drops to various 
load points are deducted from this generator voltage, the 
load voltages obtained are close to the reference phase and 
hence the load power factors are close to those for which 
a solution is desired. Thus the resulting generator voltage, 
load currents, and drops are now sufficiently accurate to 
complete the regulation calculation. An exact answer is 
obtained for a set of loads differing slightly from those 
assumed. The example will make this clear. 

As the loads are given in kva and power factor, it is 
necessary to estimate the load voltages to convert the 
loads to currents. The load voltages are all assumed to be 
in-phase, as a first approximation, and below the normal 
voltage of 11.2 kv by the “assumed regulation” values 
listed in Table 8. Load currents are calculated on this basis 
using load voltage as the reference axis. For example the 
load current at C is for Case 1: 


_ 4500(0.85 — 70.5268) 


= = 266.6(0.85—J0.5268 
V3x 11.2% (1—0.13) i eo 700268) 


= 226.6—7140.3 amperes. 


Voltage drops are computed according to Eq. (167), the 
component and total drops being as shown in the table. 
A rough check of the drops at the critical locations, B 
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and C, indicates that for normal load conditions, Case 1, 
the approximate in-phase drops are 1224 and 1118 volts, 
or approximately 19.0 and 17.2 percent of normal line-to- 
neutral voltage. The “assumed regulations” could be cor- 
rected at this point but as this repetition would not add 
to the exposition, it is omitted. 

Up to this point a reference axis in phase with the load 
voltages has been used, the load voltages being taken all 
in phase. This was most convenient for converting loads 
to currents as the power factors were known with respect 
to the load voltages. Now it is necessary to determine the 
generator voltage with respect to this reference so that the 
calculated drops may be deducted from it to find the actual 
load voltages. The phase position of the generator voltage 
does not need to be determined exactly. However after 
the load voltages are computed, the load power will be 
computed and the regulation will be exact for the loads 
thus computed rather than for the actual given loads. 
Such a result is usually an adequate engineering answer 
as the “given ioads” are seldom accurately known. However 
it is desirable to start with a generator voltage as near as 
possible to that corresponding to the assumed load voltage 
so that the computed loads will be close to the given loads. 
This is accomplished as follows. 

Noting that the out-of-phase drop is approximately 600 
volts for B and C, the generator bus voltage is arbitrarily 
taken 600 volts ahead of the load voltage or reference. The 
drops, as deducted from this voltage, give load voltages 
quite closely in phase with those used and hence the load 
power factors are nearly correct. As the generator voltage 
magnitude is 6466.5 volts, line-to-neutral, the in-phase 
component must be +/(6466.5)?— (600)?=6438. Whence 
the generator bus voltage is 6438-++7 600. 

The load voltages should now be calculated and the 
loads checked to see that they do not differ too far from 
the assumptions. A typical check follows, for Case 1, load 
at B. 


E, = 6438 +7 600 

Ds = 1224 +7 652 

Ex, = $214 —7 52 

Ep = (5.214—70.052) kv 

3lp = 390.3+ 7189.3 

PstjQn= (2050+ 7 970)kva 
= 2265 kva 


at 90.4 percent power factor lagging. 


Eo? 


LOADS 


(0) SINGLE LINE DIAGRAM 
0.9 


(b) IMPEDANCE DIAGRAM WITH 
LOADS Ig ANO Ip. 


(e) LOAD AT b ONLY. 
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Fig. 36—Single-source system having shunt branches other than loads. 
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Case 2 of Table 8 illustrates the great improvement in 
regulation possible by the use of shunt capacitors. They 
may have to be partially switched off at light load to 
prevent overvoltages under that condition. Comparing 
the reduction in drops caused by capacitors at D, with the 
reductions caused by capacitors at B and C, it can be seen 
that the capacitors are much more effective at the latter 
two points which are farther from the generating station, 

Single-and Multiple-Source System Having 
Shunt Branches Other Than Loads—Figs. 36(a) and 
(b) give a simple illustration of a system having shunt 
branches other than loads, namely charging capacity of 
high-voltage lines or cables. In this case the no-load volt- 
ages Hi,’ and Ey’ of Fig. 36(c) differ from point-to-point in 
the system and also differ from the generator bus voltage 
E,. If there are several sources, a similar condition exists, 
However, in either case the no-load voltages can be deter- 
mined by measurement on a network calculator or by 
calculation and these form the base from which drops are 
deducted to determine voltages under load conditions by 
Eqs. (169) to (171). If the generator emfs vary in phase 
or magnitude for different parts of the study, the no-load 
voltages must be changed accordingly. 

Fig. 36(f) shows the arrangement of the network for 
calculation or measurement of Zia and Za». Sufficient 
voltage is applied between a and the bus of no-voltage to 
draw one ampere, all generator emfs being short circuited. 
The voltage required, using the reference direction shown 
in Fig. 36(f), is —Zaa. It is thus necessary to amend the 
definitions of Z., and Za» given previously to the following: 

Zaa is the vector voltage drop from g to a caused by unit 
current drawn from the network at a, with all generator 
emfs set equal to zero. 

Or it is the incremental vector drop in voltage at a 
per ampere drawn from a, with all generator emfs fixed 
in magnitude and position and all other load currents 
held constant. _ 

Za» 18 the vector voltage drop from g to b caused by unit 
current drawn from the network at a, with all generator 
emfs set equal to zero. 

The voltages and currents in Fig. 36(f) and (g) are 
labeled in accordance with these definitions. Increasing 
in ratio of actual load currents, parts (d) and (e) are 
obtained. Part (c) is the no-load condition. The super- 
position of (c), (d), and (e) results in currents identical 
with part (b). Consequently, the voltages H, and EF, in 


: 


Ep 


(g) UNIT LOAD AT db. 
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part (b) must be the superposition of the corresponding 
quantities in (c), (d), and (¢), as stated in Eq. (168) 
generally. Specifically 
Ey= El ~—TnZaa— I Zn (173) 
Ey = Ey —1,Zan— Ly Zov (174) 


It is apparent that the case of no shunt branches is 
simply a special case of the situation with shunt branches. 
Also the case of one emf is a special case of that with 
several. However, without shunt branches it is customary 
to apply enough voltage at the generator to cause one am- 
pere in a short circuit at the load point and determine the 
drops through the network from generator to load points 
to obtain the constants Zaa, Zan, etc. With shunt branches 
present this is no longer a series circuit from generator to 
load point. In this case the voltage must be applied at 
the load point and the generator emfs short circuited, or 
else an indirect method employed as described below. 

With several emfs and shunt branches the network con- 
stants can be obtained by short circuiting one load terminal 
ata time, after first having measured the no-load voltages 
E.!, Ey’, ---, E.’. Referring to Eqs. (173) and (174) this 
vives the condition: 


E,=0 (175 
ae (176) 
ql , 
laa (177) 
Cane sfveds + . (178) 


Similarly by short circuiting 6, the other constants are 
obtained. 


aa (179) 
I 

Zoya (180) 
b 


Both measurements, that is, the no-load voltages and 
also the voltages and currents with one terminal short 
circuited, must be made with the same generator emfs. 
However, it is immaterial what emfs are used so that they 
may be taken all in phase and equal for the purpose of 
obtaining the system constants. This results in a different 
set of no-load voltages for computing system constants 
than the actual no-load voltages used in the system studies 
but simplifies calculation in some cases. 

Summarizing, the general solution of a multiple source 
system with shunt branches consists of: 

a. Self and Mutual Drops. 

b. Current Division. 
and for each set of emfs to be used in the study 

ce. No-load voltages. 

A suggested procedure for calculating these data is as 
follows. If a network calculator is used, the labor of re- 
ductions is eliminated. 

a. Apply voltage at one load point with generator emf 

short circuited and other load points open circuited. 

b. Reduce the resulting network to a single branch 

viewed from the selected load point. This branch 
is the self drop. 
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c. Expand the network developing the current division 
based on one ampere drawn out at the selected loud 
point. This current division is part of the gencral 
solution. 

d. Calculate the voltages of other load points above the 
bus-of-no-voltage, or neutral bus. These are nega- 
tives of the mutual drops. 

e. Perform a, 6, c, and d for other load points in turn. 

f. With the load points all open circuited apply the 
generator emfs to be used in the study and determine 
the no-load voltages. 

g. Load voltages and current distribution throughout 
the network may now be determined for any loading 
condition corresponding to the generator emfs from 
which the no-load voltages were developed. The 
voltage at any load point p is given by Eq. (168). 
The current in any branch, p-q is given by Eq. (166). 

Nore: Alternative methods are outlined in the following 
paragraphs. 

More Than One Source—As Negative Load—lIf 
the generator emfs do not remain constant throughout a 
study, the network can be solved by treating all sources but 
one as load points. Determination of voltage and current 
conditions on the system for any loading conditions are 
then determined by using as the no-load voltages, those 
produced by the one selected source alone. These will be 
directly proportional to this one source voltage and hence 
can be varied for different conditions of the problem if that 
source voltage changes. A condition of the system is then 
completely specified by the selected source voltage and the 
currents drawn at all other sources and load points. 

Changes in the Network—When a transformer is 
removed or a line opened, it is of course desirable to deter- 
mine the effects without completely solving the new result- 
ing network. Assume that the branch to be omitted or 
added connects between two of the cardinal points, a and c, 
of Fig. 37 for which network constants and current division 
factors are known. A solution is desired with the branch ac 
removed. By solution is meant the voltage at any cardinal 
point and the current in any branch corresponding to a 
particular load condition on the network. Thus the solution 
of the changed network for a given load condition is iden- 
tical with the solution of the original network for the same 
load condition plus two additional loads. One of these 
added loads is drawn at each end of the branch to be 
removed from the original network. These added loads are 
equal and opposite to the current in the branch so that the 
total current drawn by the branch and added load is zero. 

Suppose the load condition being solved for is Ii, Te, Za 
and the corresponding current in ac is Ix,. When loads 
I,’ and I,’ (equal to —/,’) are added, they cause additional 
current in the branch ac: 

Al ge= Tal Lavae— Tn! Tene (181) 


The total of branch and added load must equal zero. 


Taot Ta! (Lane — Teac) +1,’ =0 (182) 

, ve , 

whence: I= sa SE ca (183) 
and [{/=—-1,! (184) 
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Th Tg 1) 
(a) ORIGINAL NETWORK 


Sees Oe: A. 


c d 
(b}) ORIGINAL NETWORK WITH ADDED LOADS- 
MAKING IT EQUIVALENT TO CHANGED NETWORK 


a 


tp Ig Iq 
{c) CHANGED NETWORK 


Fig. 37—Adding loads to a network to make it equivalent to 
the network with a branch removed. 


Thus to solve the changed network for a given set of loads 
it is merely necessary to solve the original network instcad, 
using the two added loads determined by Eqs. (183) and 
(184). 

Adding a Branch Between aandc. Refer to Fig. 
37 (a)—Suppose a branch is to be added between a and c 
having impedance Z. It can be simulated in the original 
network by loads equal to what the branch would carry 
if there. Referring to Fig. 37(b) a branch would carry: 


Ee A El 


I/= Z 


(185) 


where primes refer to the condition after the branch is 
added. 


Es =Ey—TdZaatli Zea (186) 
Efs=Eo—1hZutll Lee (187) 
;- tie EB , Zaa— 2Z net Zee 

1a Pe 1,( 22a Zn) (188) 
If= E,— Ek. D.—Da, (189) 


Vie ODN GAD Leo 8 ae 


That is, the effect on the voltages and currents in Fig. 
37{a), of adding a branch of impedance, Z, between a 
and c, while holding the generator emf and the load 
currents I,, [,, and Ig constant, is exactly the same as if 
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the loads J,’ and —I,’ were added at a and c respectively, 
instead of connecting the impedance Z. 

A branch Z can be removed by adding an impedance 
branch, —Z, as alternative to the method previously 
given. 

Example of Changing a Network—A partial solu- 
tion of the network of Fig. 38 follows: 


Zaa= 2.5 ohms T,.ac= —0.25 amperes 

Zoe= 1.75 ohms Iyba= 0.75 amperes 

Zee= 2.875 ohms Teue= 0.375 amperes 
I..ba= 0.375 amperes 


(c) 


Fig. 38—A simple network showing loads and distribution 
factors. 


From this solution the currents and voltage drops for 
the load condition, Fig. 38(d), are obtained. 


Iya =2X0.75+3 X0.375 = 2.625 amperes 
I,.=2X(—0.25) +3 X0.375 =0.625 amperes 
D,=2X2.5+3 X 1.75 = 10.25 volts 
D.=2X1.75 +3 X 2.875 = 12.125 volts 


Now consider the changed network Fig. 39(a) under the 
same load condition. Solving directly: 


Ty/,= 2 amperes 
I/.=0 amperes 
DJ=2X%2+5X1=9 volts 
Dj =3X3+5X1=14 volts 
However, suppose it were desired to obtain these data 
from the solution of the network, Fig. 38. Then using 
Eq. (183): 
Tac 
1+Is.n0— Lo.20 
oe 0.625 
~ 1=0.25—0.375 
I/ = —I,/ =1.66 amperes. 
Fig. 39(b) shows these loads added to the network loads 
of 2 and 3 amperes at a and c. 


I= - 


= — 1.66 amperes 


cwebanh ee RE a ae De 


3 
x 
z 
‘ 
a 
5 


: 
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(a) (b) 
Fig. 39—Network of Fig. 38 changed by the removal of branch 
a cand its equivalent. 
T,/,=0.33 X (—0.25) +4.66 X 0.375 = 1.66 amperes. 


Thus it is seen the added loads and the current in branch 
ac total zero, and can be eliminated. 
Ido+1,/ =1.66—1.66=0 
Proceeding with the solution. 
Iy.=0.33 X0.75+4.66 X0.375 =2.0 amperes 


DJ =0.33 X 2.5+4.66 X 1.75 =9.0 volts 
DJ =0.33 X 1.75+4.66 X 2.875 = 14.0 volts. 


All of these agree with the direct solution. J,’ could also 
be obtained from the consideration of adding a —3 ohm 
branch from a toc. Eq. (189) gives 


That is: 


[i= D.—Da 
7 ~ Las — 22 at Zest Z 
12.125 — 10.25 


25 3.5412.875—3 1.66 amperes. 
and the remaining solution is the same as above. 
Intermediate Loads—It frequently happens that reg- 
ulation and current division are required at loads con- 
nected along branches intermediate between two cardinal 
points, such as the load at 2, a fractional distance, m, along 
impedance branch Z from a to b, Fig. 40. 
To determine regulation at x proceed as follows: 


a. Replace 7, by two loads (1—m) J, at a and mI, at 
b, as shown in Fig. 40(b). From these and the other 
loads on the system, the voltages at a and 6 can be 
determined and a circulating current Z,, found. 

b. Permit the currents (1—m) I, and mI, to flow over 
the branch to point 2 and into the load. This will 
not alter the drop from a to 6 since the two added 
drops introduced into this branch are equal and 
opposite. 


(l—m)I,mZ=mIx(l1—-m)Z (190) 


Nor will it alter the circulating current J,, that 
causes the drop through Z and absorbs the voltage 
difference between a and b. The drop can now be 
calculated from either a or b to the load point, tak- 
ing into account both circulating and load com- 
ponents of current. 


Dax =(L—m)I.mZ+1ymZ (191) 
Or the voltage at x is: 
E,=(1—-m)E,+mF,—Ixm—m)Z (192) 


ec. The use of equivalent loads at a and b [Fig. 40(b)] 
results in the same currents in all other branches of 
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Ix 
{a) INTERMEDIATE LOAD 


(im) Ly mix 


(b) EQUIVALENT LOADS ATo & b 


(c) CURRENT DIVISICN TO 
INTERMEDIATE LOAD 


Fig. 40—Current division for a simple network with a single 
intermediate load. 


the network as the actual condition [Fig. 40(a)]. 
The currents in branch ab are determined as shown 
in Fig. 40(c), in which J,, is as determined from the 
equivalent loading, Fig. 40(b). 


General Solution for Intermediate Point—The 
intermediate load location is to be treated as a new car- 
dinal point of the network for which self and mutual drop 
constants and current division factors are required. 

The self drop constant is obtained by recalling that for 
unit load at z, Fig. 40, the drops to a and b are 


Dy=1-—M)ZatMZps (193) 
Dy=(1—m)Zav+mZop (194) 
whence: 

Zxx=(l—-m)DatmDytm(1—m)Z (195) 

or Zux=(L—m)?Zy,+2m(1—m)Zay 
+mZpwtml—mZ (196) 

The mutual drop constant to a typical point, p, is 

Zup=(1—m)ZiptMZ op (197) 


The current in any branch pq caused by unit current 
drawn at x is (except for branches az and bz): 


Fe-pqg=(1—m)La-pat+mly-pa (198) 

For branches az and xb 
Iyax= (1 —) Tg.ab +71 p-an-+ (1 -m) (198a) 
Iypx= A —m) Leap +m p.ub—m (198b) 
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While for point y, external to branch ab, 


(198¢) 


Several Intermediate Loads—If the branch ab con- 
sists of several parallel mutually coupled circuits such as 
the trolley rail circuits of a four-track railroad, and con- 
tains several intermediate loads, the procedure is quite 
similar to the above. Refer to Fig. 41. 


Ye SJ yy =Ty-ab 


TOTAL IMPEDANCE 


Fig. 41—More complex network having several intermediate 
load points. 


Let Z be the total impedance a to b. 

Let z be the impedance of each component circuit. 

Let M, M’, M” be the mutual impedances between 
component circuits. 


It is assumed that these impedances are uniform 
throughout the section. 

The procedure is as follows for determining voltage at 
the load 7,, and current distribution. 


a. Divide each load inversely as the impedance to the 
two adjacent points a and b, to obtain total equiva- 
lent loads. From these and the other network loads 
the voltages E, and Fy, can be determined. The total 
circulating current J. can also be found. 

b. Determine the voltage at x while the loads are re- 
moved to a and b. It is: 


Ex=(1—m)E,+mB» (199) 


ce Now reintroduce the equivalent load currents letting 
them flow over the circuits to their respective loads. 
In the case shown there are four added drops, result- 
ing in a voltage at the load J,: 


Ex=(1—m)E,+mB,— (1—m)Imz—(1—n)I mM 
—(1—p)IymM’ —(1—9)IymM’ (200) 


d. The circulating current J, should be divided between 
the four circuits as though the loads were not present. 
If the mutual impedances are nearly equal it may be 
sufficiently close to assume 14 of the total in each 
circuit. Otherwise a solution by equations may be 
required. See Sec. 13. 


Steady-State Performance of Systems Including Methods of Network Solution 


Chapter 10 


e. The current in any section of one of the circuits of 
branch ab consists of the vector sum of the circulating 
component as determined in (d), and the reintroduced 
equivalent load currents flowing up to the inter- 
mediate loads. 


21. Circle Diagram of Transmission Systems 


Because of its importance to both the light and power 
and the communication industries, the transmission type 
network has been widely studied. A useful body of data is 
available for simplifying the calculations and expressing 
the performance of such networks. The fundamental ideas 
involved are extremely simple, and the reader should not 
be misled by the large accumulation of formulas tabulated 
for special cases. These merely signify that the field has 
been well explored, whereas only one or two of the formulas 
may be required in any particular problem. 

The general transmission-type network including shunt 
loading, is one having only input and output terminals of 
importance, designated for convenience as the sending and 
receiving ends. The type dealt with in this chapter is 
considered to be passive (having no internal emfs), and 
linear (made up of linear impedance branches and voltage 
transformations), 

For such a network the sending-end voltage and current 
depend solely on the receiving-end voltage and “current, 
and the impedances and voltage transformations of the 
intervening network. 

The transmission problem is briefly the determination of 
the performance of the transmission-type network. This 
performance is most commonly expressed in two forms. 


a. Equations expressing the sending-end voltages and 
currents in terms of the receiving-end voltages and 
currents, and vice versa. 

b. The power equations or loci, the graphical representa- 
tions of which are known as the power circle diagrams. 
One circle gives the locus of sending-end power and 
one the locus of receiving-end power, as the angle 
between sending and receiving voltages is varied. 


A third form is sometimes used. 


ce. The current equations expressing the sending-end or 
receiving-end currents in terms of the voltages at the 
two ends. The current locus for fixed voltages and 
varying angle between them is the current circle 
diagram. 


Power Circle Diagram—The power-circle diagram is 
derived mathematically in Chap. 9. The treatment in this 
chapter applies the diagram to general system problems. 
Condensed tables are presented for determining the circle 
diagrams from general circuit constants. First, however, 
a brief review of the power-circle diagram will serve to 
point up the important power system design and operating 
information which it provides. 

The fact that real and reactive power fed into and out 
of a transmission line can be plotted as a function of the 
sending- and receiving-end voltages only is itself an ex- 
tremely important concept. Stated differently, once the 
voltage magnitudes at the two ends of the line have been 
fixed, there exists for each angle between these voltages, 
one and only one possible value for each of the four quan- 
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Fig. 46—Typical power-circle diagram. 


tities, input real and reactive power, and output real and three power quantities are uniquely determined. 
reactive power. Or, if one of these is fixed, say delivered If the voltages of the two ends of the line are fixed in 
real power, this determines the angle and thus the other magnitude and the angle between them varied, then for 
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each angle there will be a discreet value of input real and 
reactive power. If these are plotted, one against the other, 
on a set of coordinate axes having real power as abscissa 
and reactive power as ordinate, the locus of such points as 
the angle between voltages is varied is a circle. Thus this 
plot of real power vs. reactive power for fixed line voltages 
and varying angle, is called a power circle diagram. What 
has been said of input real and reactive power applies 
equally well to output real and reactive power. Hence, 
for a given pair of terminal voltages there are two circle 
diagrams, a sending-end circle and a receiving-end circle. 
For other voltages there are other circles. The fact that 
these diagrams are circles makes them easy to draw. How- 
ever the important point is that the input and output real 
and reactive powers are uniquely determined by the ter- 
minal voltages and the angle between them. In a sense 
this places definite restrictions on the use of lines. Or from 
another viewpoint it makes it possible to predetermine the 
amount of synchronous-condenser capacity that is required 
to supply a given load over a given line. 

These points may be made more clear by reference to 
Fig. 46 which shows the sending-end and receiving-end 
power-circle diagrams for two values of sending-end voltage 
and one value of receiving-end voltage, i.e. for two com- 
binations. Thus there are four circles. The method of 
plotting these circles and the derivation has been given in 
Chap. 9, and will be summarized shortly for the general 
case. That need not concern us here. Suffice it to say that 
there are such plots. What do they show? 

The coordinates of the plot are real power as abscissa, 
positive to the right and lagging-reactive power as ordinate, 
positive upwards. The two sending end circles, have their 
centers at B and B’ in the first quadrant. The positive 
reference direction at the sending end is into the line. Thus 
positive real or reactive power flow into the line at this end. 

The two lower circles having centers at A, in the third 
quadrant, are the receiving-end circles. At the receiving 
end the positive reference direction is out of the line. Thus 
positive real and reactive power from the receiving circles 
indicate real or reactive power out of the line and a nega- 
tive sign of reactive power indicates that lagging reactive 
power flowed into the line at the receiving end. 

Note first there is a maximum power that can be deliv- 
ered, for example 57771 kw for one set of voltages, Hp= 
127 020 and Hs =129 917 volts L-N. This is of course an 
absolute limit and well beyond a practical operating limit. 

It has been stated that with fixed voltages there exists 
for each angle between them, one and only one possible 
value of each of the four power quantities. This is shown 
on the diagram, for example, for an angle of 23°20’59”, and 
for the voltages Ep=127 020, Hg=129917 volts L-N. 
Note that the angles are measured out from reference 
lines, marked Line for @=0, whose construction will be 
described later. The angle 6, by which the sending-end 
voltage leads the receiving end voltage is measured out 
ecw for the upper or sending circles and ew for the lower 
or receiving-end circles. Thus this specific angle fixes the 
points F and G on receiving and sending circles respec- 
tively. These are referred to as corresponding points, since 
they correspond to the same angle and hence give sending- 
and receiving-end conditions that occur simultaneously. 
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For this angle and these voltages note that 27 595 kw 
enters the line and 25 835 kw leaves it at the receiving end, 
the loss being 1760 kw. At the sending-end lagging reactive 
kva is negative and hence flows opposite to the reference 
positive direction. That is, lagging reactive kva flows out 
of the line, 7620 kva. This must be absorbed by the system 
at the sending end of the line, in inductive loads or by 
under-excited machines. At the receiving end lagging re. 
active kva is positive and hence flows in the reference 
direction for that end which is out of the line, 2270 kva, 
In general this may be more or less than the lagging re- 
active requirements of the load and the difference must be 
absorbed or supplied locally. For example, if the load were 
25 835 kw at 83.26 percent power factor lag as plotted at 
E, requiring 17 258 lagging reactive kva, the difference of 
14 988 kva would have to be supplied by a synchronous 
condenser operating in its over-excited range, or an 
equivalent. 

If the load is increased to an emergency load of 52 335 
kw at 84.78 percent power factor lagging, the correspond- 
ing points on the circles are at J and K. It is assumed that 
the sending-end voltage has been raised to 137 523 volts 
L-N for this condition. The condenser must now supply 
52 461 kva of lagging reactive, as the line supplies a nega- 
tive amount or actually draws lagging reactive. Note that 
to supply this load with the lower sending voltage would 
have required considerably more than the 52 461 kva from 
the condenser. 

Other circles could be drawn for different receiver volt- 
ages and these would show the variation of synchronous- 
condenser capacity requirements within the limits of 
permissible variation of receiver-end voltage. 

Thus the circle diagram presents a complete graphical 
picture of the line performance under all conditions of 
terminal voltages and angles and hence provides the nec- 
essary information for design and operation of the system, 
particularly with relation to voltages, provision of reactive 
capacity, and real power flow. 

Transmission Equations: Constructing the Circle 
Diagram 

Generally the following steps are involved in determin- 
ing the transmission characteristics of a system from one 
point to another. 

a. The network must be reduced to a simple equivalent 
from which the constants for plotting the circle dia- 
grams can be obtained. The simple equivalent can be 
expressed as a J’ or a Pi circuit or by giving the 
coefficients of the current and voltage equations, 
called the ABCD constants. Table 9 gives the nec- . 
essary formulas for determining the ABCD constants 
directly from networks of various forms. The 7’ and 

_ Pi equivalents can be obtained by reducing the net- 
work as outlined in Secs. 13-17, or as indicated by - 
the definitions of these constants which are to follow. ; 
Table 10 gives the transformations from Pi to T and , 
to ABCD forms. This table also includes transforma- ! 
tions to admittance and impedance constants that. 
are coefficients of the power equations as shown in ‘ 
the table. - 

b. The Current and Voltage Relations if needed can be § 
written directly from the 7, Pi or ABCD constants } 
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F Equations for general circuit constants in terms of constants 
pee Type of Network of component networks 
number A= B= CS D= 
pesanes 
1 Series impedance ann 1 Zz 0 1 
2 Shunt admittance Es y Er 1 0 Y 1 
foe 
Zr. ZrY ZrY 
3 Transformer Bs 2 {]yy cas Er 1 Be Zx(1 +o) Yr 1 +o 
z 2 
a 1:N F 
3a | Transformer Ratio 4 f Er W 0 0 N 
en VZ/¥ Sinh VZY | V¥/Z Sinh VZ¥ | 
=at2Fa | =v(144h+ 
4 Transmission line e, ( 6 6 Same as A 
A 2 BE) 
120 120 
5 General network Es ABCD a A B GC D 
General network and trans- 
6 {ober iuapedance at receiv- —PS A,B,C, Di a En Ay By+AiZtr C1 Di+CiZrr 
ing en 
General network and trans- gf, 
F ] f E : 
7 form dance at = C4 4180, D, BP A tCiZ Bit DZ C1 dD, 
ee er impedance at sending Zs 1 14Ts 1 14Ts 
Genera: network and i; By +AZrr + 
transformer impedance  E. R Ait CZ. 1 AaTR Cc Dit Z 
8 at both ends—referred : Ze 7 ee D273 + Ci ZraZts : eee 
to high voltage 
General network and 
transformer impedance T 1 7 
at both ends—transform- 78 et Tr pop (Bit Aer + CiT RTs Ds Di +CZ 
9 ers having different ratios 3 4 ABC Di & (Art Ci2rs) Tete +C\Zrn Zs) me Ti. i+CiZrn) 
Trand 1's referred to low Fs 2t8 TR Ex 14TSTVIGTRATS 
voltage 
General network and shunt 
10 admittance at receiving A; +BiYr By C1+DiYr Dy 
end 
General network and shunt ‘ 
ll samuatinnice at sending A By Citas Di +BiYs 
en 
General network and ALY 
12 shunt admittance at A: +Bi¥x By “1 By. BY a¥s Di+BiYs 
both ends 
Tw al net i Y ' 
13 | Tyeiggterst networks in _ E37 73,,Dz}—| aiBiGiDi P| Ards +CiB2. | Bide +DiBs ArC2+CiDz | BiC2 + DiDs 
Two general networks AtAgt+(\Bo+ |BidAo+DiB2+ AC, +C,Do+ B\Cz4+D:D2+ 
14 in series with interme- sv C. Z— A\B,C\D Er eae eh aes ee me AoZ . CiOoZ DiGoZ 
diate impedance CA 1442 Wwe we 
Two general networks in Aet+DiB AiG, +C1D. By\C2+D\De+ 
15 series with intermediate sean HM Bate: ty tet DY sare BiDsY 
shunt admittance 
T - AsCArAsy oy | Aa(Bide+ DBs) | CiCArde +O) | abe 
16 hree general networks Es E 182) 3( BAe 1B 3(Arele 1Be Dib2 
oes 5) AsBaCaD3 H A2B2C2D2 H AsBiCiDi R +BAAG +B3(BiC2+DiD2) | +Ds(AiC2+C1D2) +D(AGt ; 
qh Dp 2 
7 C1 +Cr+ 
i Two general networks in paral- ArBa+Bicz BiBy (Ay — A») (Dy, — Di) BiD: + DiB: 
lel Bi +B, By +B, —~—Bitb; | Bi+B, 


shou NOTE: The exciting current of the receiving end transformers should be added vectorially to the load current, and the exciting current of the sending end transformers 


that i 


eneral equations: Ly = HrA+ 1r2B; Er= EsD— 


be added vectorially to the sending end current. 


t 
IsB; Is =IrD+ ErC; In =1sA — EsC. As a check in the numcrical calculation of the 4, B, C, and D constants note 


See en a cases AD—BC=1 unless there is a net angular transformation ratio. In the latter case AD—BC=1e!*6 where @ is the angular transformation of 5 ahead of &. 
ec. 8. 
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To Convert From 


Reference Directions and 
Nomenclature 


" ABCD Admittance Impedance Equivalent. Pi Equivalent 7 
A= ABCD Constants _¥n 2x 1+ZYpR 142Z3¥ 
Ye Lie 
Q B= E3=AEn+BIp me ZZ —Z?, Z Zrt+Zg+V2nZg 
lab Is=CEx +DIy Vie . Zi2 
= | C= | Ex=DEs~Bls Yi —Yu¥n a Yrt+¥st+ZYr¥s Y 
In= — CEs +Alg Yu Zu 
D= _Y¥n Zu 1+ZYs 1+Zx¥ Fig. 42 
Yr 4 
Y= A 222 Y ue 142Z3Y 
P B Admittance a Paeay Ps RUZ Zrt+ZstY4rZy 
I Constants 
s Y= so = 212 _1 a 1 = 
£ B h=Yuk,+Y,E, ZZ —Zi, 4 ZrtZst+ Yards Po t+jQo P,+jQ, 
“Yas D B= Ynk\+YeEs Zn Yori sali Wats op 
B ZuZ2—Zh, Z ZrtZgt+YZrdg 
ae D Yor Pein 2 eee 
2 Cc YuYo—Viz Impedance Yrt+Yst2ZYu¥s AY 
= Constants 
S | 4n= 4 pieeene Sr aee een AMER ere a 
S . Yule — Vi E, =Z4,h+Zrnhb YutVs+4V u's y 
Lael 2 = A ya E, =Zpli+Zuq2 : 1 +ZYr Z di 
a ry 7 e . ar Car. aT st+> 
Cc Yu¥—YVi Yrt+Y¥s+ZYrYs } 
Yr= A-1l YutYr 42-22 YZ3 Psti@s PatiQa 
x B ZZ —Z), Zrt+Zs+YVZrZg ie Z lp 
: Z= B 1 Zi12y — Zi}, 
> td 1422 12 : ‘ 
3 Yu = oso Equivalent Pi Zut%e+VZu%s 
isa) 
Yg= D-1 Zu -Zre ; You 
“B Yo+Vr Zude— Zi, ZutZstVZnds Fig. 44 
ZR= D-1 YotYV¥ Zu-Zi 2 ZY PstjQg PatiQe 
ai YuYe—Y?, VYrt¥gt+ZVur¥s Is Zs Za Ip 
eH oe ——-— 
2 Y= Cc _ Yuka -V3 I Yat YetZV u's Equivalent T 
o in Za Es Y é 
ica) 
a= peal Ynt+Y¥u _ 2Yr__ 
Cc YuYur- Yu Za—-Zy YrtYVetZYrVs Fig. 45 
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TABLE 11—CURRENT AND VOLTAGE RELATIONS IN 


TRANSMISSION TYPE NETWORKS 


A, For ABCD Constants—Reference Fig. 42.* 
E3=AER+Blp 
Igs=CEr+DIpg 
Er=DEs—BIg 
Ip=—CEs+Alg 
B. For Equivalent Pi—Reference Fig. 44. 
Es=(1+ZYr)Eat+Zlre 
Tg=(Yrt+Y¥s+ZYrVs)Eat+(l+ZYs)Ie 
Exg=(1+ZYs)Es—ZIg 
In=—(¥ratYst+ZYrV¥s)Est+(1+ZYr)ls 
C. For Equivalent T—Reference Fig. 45. 
Esg=(14ZsY)Ert+(ZratZstYZprZs)In 
Ts=YER+tU+ZrYjlr 
Erp=(1+ZrY)Eg~—(Zr+Zst+YZpZs)Is 
Tp=—YEst+(1+Z3¥)lg 
DPD. For Admittance—Reference Fig. 43. 
q =YuAit+Yok: 
L,=YpE\+Yoobs 
. For Impedance—Reference Fig. 43. 
By a4 uht+Zyly 
Ky =Zylit+Zole 


is 


(201a) 
(201b) 
(201c) 
(201d) 


(202a) 
(202b) 
(202c) 
(202d) 


(208a) 
(203b) 
(203c) 
(203d) 


(203e) 
(203) d 


(203g) 
(203h) 


*Fius. 42 to 45 are part of Table 10. 
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as shown in Table 11. 
needed. 

The Power Expressions are given in Table 12 in terms 
of the T, Pi, or ABCD constants and also in terms of 
admittance and impedance coefficients, which are 
described in a later paragraph. The power convention 
used in this text is: 

P+jQ=ET (212) 
for which a positive value of Q is lagging reactive 
power, and P and Q of the same sign indicates lagging 
power factor (see Sec. 2). At the sending end, denoted 
by the subscript, S, the positive direction is into the 
network. At the recciving end, denoted by R, it is out 
of the network. See Figs. 42, 44, 45 which are part of 
Table 10. With the generalized impedance or admit- 
tance form, Fig. 48, the reference-positive direction 
for current and power at each terminal is into the 
line or network. 


Frequently these are not 


. The Power Circle Diagrams can be determined from 


the data in Table 12 as outlined at the bottom of the 
table. The detailed data for plotting the circles can 
be obtained from the supplementary Table 124A, 
explained in the next paragraph. 


TABLE 12—POWER EQUATIONS AND DATA FOR PLOTTING CIRCLE DIAGRAMS 


Derived Sending Circle Receiving Circle 
From | Vector to Center, Cs | Radius Vector Rgo | Vector to Center, Cr | Radius Vector Rro 
; ; Ds, Braces ce Sale? .s 
Ref. Fie. e Pg+jQs= ta —pEnbaet Pr+jQr= — 3 5FR thnks «0 
(204) (205) 
orn a Lee he, ee ; base Ve, Behe cus 
Equiv. Pi P3+jQs = 3, s+¥s ) Hs ~— SER gets PRtjQr= —3(=+Yrp ) Ff +5 EnEse J 
Ref. Fig. 44 Zz Z Z Z 
(206) (207) 
Imped. Form Oo = 11 \ fe 3m F410 ‘On = _3(i.1)\p 36 Re ——i0 
Kquiv. Pi Ps+JQs (5 +F, RS ziinlise : Prt+jQr= 3 ate, Ei +p bnks j 
. 142 V)F2 Ep Fceti@ 7 oY) 2 i Fa ¢—i8 
fay Peg: SO ee =. Pes, eee Si 
Ref. Fig. 45 Zat+Zst+YZeds ZrtZstV2i:Zs Zat+ZgtYVZrZs Zrt+ZgtVZrZs 
(208) (209) 
Admittance Py +jQ2= BY nF 43Y pF; Byer? P, +7Q1 aod 3Yn 43Y FE, Ese? 
Ref. Fig, 43 
(210) (211) 
Z 2 ZF, Eye +30 2 2. BE, —i8 
Impedance | P:+jQ= “Bi etd ik Pee. (eee pa 
Ref. Fig. 43 ZZ —Z2" ZL —Zy 2122 —Zy Lu22—Zy. 
< (210a) (211a) 
UNITS 


Table gives P and Q in megawatts (mw), and megavolt amperes (mva) for Ep and Eg in kv line-to-neutral, or it gives P and Q in watts 
and volt-amperes for Hg and £e in volts, line-to-neutral. 

To use volts or kv line-to-line, omit factor 3 throughout the tabulation. 

Impedances and admittances are in ohms or mhos per phase, line-to-neutral. 

8 is the angle of #g in advance of Fx or the angle of EZ, in advance of A. 

~ Symbol designating conjugate of a vector. 


Plot this as 


oe wre 


Add 1 and 2 to obtain re 


, To Draw Circ_e DiacRAM—Fic. 47 
Calculate “vector to center” and locate center, Cs or Cr. 
Calculate radius vector for ¢=0 (edo =6J9=1). Call it Rgo or Rro. 
al and reactive power for sending and receiving voltuges in phase. 
“Power for @=0’, on the diagram. Wro=Ca+Rro. Ws0=Csat kao. 
raw the circle through the “Power for @=0’ point. Draw the reference radius vector from the center to the ‘Power for @=0” point, 
to serve as the reference from which angles are measured. 
orresponding sending and receiving conditions are found at the same angle on the corresponding circles. 
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TABLE 12A~-CONSTANTS FOR PLOTTING POWER CIRCLE DIAGRAMS 


Refer Fig. 47 
(i, m, U’, m’, n, 9» are to be obtained from the relations given) 


a 
Form of* Receiving Circle Sending Circle Radius Position of Radius 
System Constants Constants Constant Vector for @=0 
Bi 
Constants lim U’ + jm’ n 6, 
ABCD A D 1 
Ref. Fig. 42 3B 3 z oe : Be btia 
Equiv. Pi Ln Tor x 1 ae eae 
Ref. Fig. 44 gree ztYs Z a aL as 
Imped. Form : 
Equiv. Pi — 2 ae . tan-! 2 Z=r+jz 
Ref. Fig. 44 Z 22 Z 4s Z 
es EA ane by 
Equiv. 7 142ZsY 1+Z2Y 1 aa 
Ref. Fig. 45 Zn ide t+Vands ZantlstVands Zat+@s+Yinls where 
Zr+Zg+VZrZs =i thr 


*For admittance and impedance constants the reference direction is into the network at both ends, 


Thus the receiving circle is in the same quadrant as the sending 


circle and the / and m constants do not apply. Use the method of Table 12 for plotting the circles in this case. 


Construction of power circles.—For the occasional 
user it is convenient to list directly the coordinates of the 
centers and the radii of the circles, together with the 
location of the reference line from which angles are to be 
measured. For this purpose the six constants J, m, n, 6, 
l’ and m’ are defined and used. When working with ABCD 
constants these have the definitions:— 


=o" (213) 

6, =tan s where B=b;+jb, (214) 
p3 

==l+jm (215) 

Bal tim! (216) 


For other forms of expression of the transmission network 
the definitions of these six constants are given in Table 
12A. 

Having defined these six constants, the circles can be 
constructed as follows. Refer to Fig. 47. The scales used 
for kw and reactive kva must be the same. Line-to-line 
voltages are used, giving three-phase kw and reactive kva. 
If line-to-neutral voltages are used to determine the cen- 
ters and radii of sending and receiving circles, the ex- 
pressions in Fig. 47 must be multiplied by three. 

Center of sending circle is atl’ Es’ kw, m’ Es” kvar. 

Radius of sending circle is nEgEs. 

The reference line for angles in the sending ctrcle is clock- 
wise from a downward vertical radius by the angle, 4. 
See Fig. 46, Angles 6 of sending-end voltage in advance of 
receiving-end voltage, are measured ecw from this refer- 
ence line. 

Center of the receiving circle is at —lER? kw, 
kvar. 

Radius of the receiving ctrele is NEREs. 

The reference line for angles in the recewing circle is cw 


—mER* 


from an upward vertical radius by the angle, 4». 
Fig. 47. 

Corresponding sending and receiving conditions are 
found at the same angle 9 on the two corresponding circles. 

An alternative method of construction is listed in the 
five steps under Table 12, which eliminates the necessity of 
measuring angles. An “initial radius vector for 9=0” is 
added to the “vector to the center” to get the coordinates 
of a point (i.e. the vector power) corresponding to 6=0. 
This fixes both the radius and the reference line for 
measuring angles. 

Power-Angle Diagrams—From the circle diagram the 
power expressions as a function of angle can be written 
directly. They are, for three-phase power in kw on kvar, 
and voltages in kv, L-L;— 


See 


Pantie aels sin (8—6,) (217) 
ae B2—nE Es cos (8—6) (218) 

R= ibe +nEpEs sin (6+ 6,) (219) 
ae —mbg+nEpks cos (6+4,) (220) 


Power plotted vertically against # plotted horizontally 
is thus a displaced sine wave known as a power angle dia- 
gram. Its use in stability calculations is described in 
Chapter 13. 

Use of Equations vs. Circle Diagrams—lf only 
one condition were of interest, for which the voltages 
and intervening angle were known, the sending and re- 
ceiving power quantities could be calculated directly, 
using the power expressions of Table 12. However, 
if the power transmitted is to be determined for @ 
number of angular positions, as in stability studies, the 
circle diagram is advantageous. Also if the voltages and 
power are known and the angle and reactive requirements 
are to be determined the circle diagram becomes indis-; 
pensable. More particularly a diagram having several’ 
circles corresponding to different voltages constitutes a 
chart of the real and reactive powers that can be trans-, 
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EQUIV. PI] OF NETWORK 
IMPEDANCE IN OHMS ONIIO KV BASE 


49.9 +j 153.8 


90 MILES I10-KV LINE WITH 
(10 000+ j5000) KVA LOAD AT CENTER 


RECEIVING 
GIRCLE 
FOR 
E, =!16 KV 


Er =!10 KV 


VECTOR 


E, = 110 KV 


VES 
E,= 116 KV 
80 
Cy (D) me? 
< SENOING 
3 CIRCLE 
e FOR 
>| 60 E, = 116 KV 
S E_=ll0 KV 
< 
uw 
c 
iu) 
= 
oO 
o 
.-¢ 
“lao RADIUS VECTOR 
FOR 6:0 
nE, Es 
“VECTOR TO GENTER 
20 Op 
o° (-) 
10° 20° 30° 
A> 
Pe _ 
20 p 40 60 
p' REAL POWER 
10° 
20° 
-20 
30° 
rc) 
RADIUS VECTOR FOR 6:0 
nEREg ‘ 
-40 
@= ANGLE OF E, 
IN ADVANGE OF Ep 
-60 


Fig. 47—Power circle diagram for line AED Fig. 48 and used for example of plotting diagram. 
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mitted for various voltages and angles. As such it finds 
extensive use both in system operation and design. 

Interpretation of Power Circle Diagrams—Power 
circle diagrams for a particular system are given in Fig. 
47, They have been drawn in accordance with the in- 
structions at the bottom of Table 12. Likewise their con- 
struction from the six constants J, m, n, @y, l’, n’, given in 
Table 12A is indicated. This system consists of ninety 
miles of 110-kv line with a load of 10000 kw and 5000 
lagging reactive kva tapped on at the middle. The load 
is treated as a fixed impedance. Points p and p’ convey 
the following information, “With a receiver voltage of 110 
kv and a sending voltage 116 kv, if 34 000 kw (34 mega- 
watts) are supplied at the sending end, then 500 leading 
reactive kva must be supplied at the sending end and 
20 000 kw and 9000 leading reactive kva will be delivered 
at the receiving end. That is, 9000 kva of lagging reactive 
must be supplied at the receiving end. 13 500 kw and 8500 
reactive kva will be consumed in the system, including 
line losses and reactive plus the intermediate load. In- 
cidentally the sending-end voltage is only 20 degrees ahead 
of the receiving-end voltage and the operation will there- 
fore be stablef.” Obviously contained in this informa- 
tion are the answers to a variety of questions that might 
be asked. 

ABCD Constants are coefficients of the current and 
voltage equations (201a) to (201d) given in Table 11. 
They apply to the transmission-type network having 
sending-end and receiving-end terminals, and have the 
following physical significance. 

A is the voltage impressed at the sending end per volt 
at the open-circuited receiver. It is a dimensionless volt- 
age ratio. 

B is the voltage impressed at the sending end per am- 
pere in the short-circuited receiver. It is the transfer 
impedance used in network theory. It is also equal to 
the voltage impressed at the receiving end per ampere 
in the short-circuited sending terminals. 

C is the current in amperes into the sending end per 
volt on the open-circuited receiver. It has the dimen- 
sions of admittance. 

D is the current in amperes into the sending end per 
ampere in the short-circuited receiver. It is a dimen- 
sionless current ratio. 

Table 9 gives the ABCD constants for many types of 
networks. Table 10 gives the transformations to Pi, 7, 
admittance and impedance forms. Chap. 9 illustrates 
the use of ABCD constants in a stability example. 

For passive networks, as dealt with here, 


AD—BC=1 (221) 


This affords a valuable check on the calculations. If the 
single-phase network used involves phase shift, it is not 
strictly passive. A case in point is an ideal phase-shift 
transformer Fig. 48. As shown AD—BC is numerically 
one but includes a double angle term. This single-phase 
representation of a three phase transformer receives 
power at one time phase and passes it on at another time 
phase, although the total power flow is continuous in 
the three-phase transformer it represents. Usually the 
{Refer to Chap. 13 for criteria of stability. 
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Is Tr 
7 fe. 
1:¢/8 
A=e7ie G*0 
B20 psei® 


AD-Bc «1672/8 
Fig. 48—Ideal phase shift transformation. 


phase shift factor is removed from the equivalent single- 
phase circuit before calculating the ABCD constants go ? 
that Eq. (221) is applicable. 

Admittance Constants (or Driving Point and 
Transfer Admittances) are coefficients of the network 
current equations. 


T= Ynbit+ Yuk, (222) 
Ty = YooHo+ Yuk; (223) 


As indicated in Fig. 43 the positive direction is taken 
into the network at both ends. This permits ready ex- 
tension to more than two terminals. In the following 
definitions current in a terminal is understood to be in 
the positive direction unless otherwise stated. The defi- 
nitions indicate the extension to more than two ter- 
minals. In general: 

Yu is the current in terminal | per volt applied at ter- 

minal 1 with all other terminals short circuited. 

Yx. is the current in terminal 2 per volt applied at ter- 
minal 1 with all other emfs short circuited, or vice 
versa. It will usually be negative for transmission- 
type systems with positive direction into network 
at both ends, etc. 

The power equations as obtained from (222) and (223) 

are: 
Pi+jQi =E,I, = PuE, B+ Pohk, (224) 
P.+jQ2 = Ff, = PB. B+ PuEo Bs (225) 


For a Three-Terminal System (as in a three-machine 
problem) the current equations are: 


i, = Yuki+ Yo bot Yuk 
Le eos Yoh, + Yoolo+ Yuk 
Ty = YisEit Yo:sFot+ Yak 
The corresponding power equations are: 
PitjQ =E,h= fuk, £,+ Yn E,B.+ Yuki Bs 
P2+jQz =Fof,= PyH.R\+ PE. B.+PeE,B;  (227a) | 
P3+jQ3= Esl3= YisEsB, t+ Yuk: Fo+ Pnksh; (2288) ¥ 
The extension to more than three terminals is apparent. g 
Self and Mutual Impedances are coefficients of the 5 
network voltage equations given generally in Eqs. (52)- 3 
(55). Writing these for the transmission-type network, ¢ 


which can in general be reduced to a number of meshes $ 
equal to the number of significant terminals: aM 


: “f 
Ey =Zyl,+ Zale (229) q 
By =Z yl, +Zeale (230) 7 


(226) 
(227) - 
(228) 


(226a) 
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Z,, is the voltage in terminal 1 per ampere in terminal 1, 
with all other “significant terminals” open circuited. 

Zy is the voltage in terminal 2 per ampere in terminal 1, 
with all other “significant terminals” open circuited. 
Ete. 


Notre that the self and mutual impedances Zi and Z,. as 
defined and used in Section 13 and in this Section 21, differ from 
the self and mutual drop constants defined and used in Section 
90. The Z with double subscript is used in each case to conform 
with accepted terminology. 


The power equations are obtained from (229) and (230). 
PitjQ=EBil, =Znlh+Zabl, (231) 

Po+jQe = Exfy = Zyl P.+ Zulele (232) 

For a three-terminal system the voltage and power 
equations are given below. The extension of admittance 


or impedance constants to any number of terminals is 
apparent. 


By =Zyh+ZuletZals (233) 
E.= ZilitZelot+Zrls (234) 
E3= Zigli + Zogl2+Zsals (235) 
Pi43Q= Bh =Znhh+Zaleh+Zalsh (236) 
P.+-jQe= Eels = ZiT \Iy+Zoglole+ Zool slo (237) 
P3+-5Q3= Esls= ZisliIs+Zoslol3+Zoel sls (238) 


IV. REAL AND REACTIVE POWER FLOW 


It is well known that in a system in which impedances 
are largely reactive, real power flow is controlled by phase 
angles and reactive flow by voltage magnitudes. Ordi- 
narily the adjustments of real power flow are made by 
throttle or gate adjustments (governor settings), although 
the flow in a closed loop can be controlled by a regulating 
transformer capable of introducing a phase shift. Similarly 
reactive flow is usually controlled by generator field ad- 
justment (regulator setting) but in a closed loop, trans- 
former tap adjustments can be utilized. 

Quantitatively the real and reactive power over a trans- 
mission circuit or interconnection can be determined from 
the power circle diagrams. These diagrams give the real 
and reactive power at the sending and receiving ends of an 
interconnecting line or network, in terms of the voltages at 
the two ends and the angle between them. The method 
will be explained by examples, starting with a simple two- 
station system with an interconnection, and covering in 
all, the following conditions: 


22. Examples of Real and Reactive Power Flow. 


Refer to Fig. 1, or the equivalent network Fig. 49. 
I. Two Stations with Interconnection (Station A to 


Station B). 
Case Ia. 
Given: 1. Sending-end and Receiving-end Voltages. 
2. Received Power. 
To Find: 1. Received reactive kva. 
2. Transmitted kw and reactive kva. 
3. Required kw and reactive kva to be sup- 
plied by generators at each end. 
4. Losses (kw and reactive kva). 
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26.764) 75.19 8 


2158-j!2778 


-418-j5700 


26.764j75.19 


Fig. 49—Network of Fig. 2 reduced to an equivalent Pi for each 
line. 


Case Ib. 
Given: 1. Received kw and reactive kva. 
2. Receiving-end voltage. 
To Find: 1. Sending-end voltage. 
2. Sending-end kw and reactive kva. 
3. Required generation at sending end. 
4, Losses. 


Il. Three generating stations along one main intercon- 
nection, no closed loops, intermediate substation. A, 
B, C, D Fig. 1. 

Case IIa. 

Given: 1. Voltages at all but D. 
2. Real power flow. 
To Find: 1. Remaining Power Quantities. 
2. Voltage at D to hold stated voltage at in- 
termediate Substation C. 


Case IIb. 
Given: 1. Voltages at all but intermediate substa- 
tion C. 
2. Real power flow. 
3. Load at C, real and reactive. 
To Find: 1. Remaining power quantities. 
2. Voltage at intermediate substation C. 


III. Closed Loop System. 


Case IIIa. Find voltage to close under given load and 
power flow conditions. (To determine regulator require- 
ments.) 

Case IIIb. Find power which flows if loop is closed and 
flow held constant in rest of the loop. 

Case I. Two-Source System—Stations A and B, Fig. 
1, and the 50-mile line connecting them, will be used for 
illustration. The remainder of the system shown will be 
considered as disconnected. It may be desired to find the 
required voltages of the A and B buses, and the angle be- 
tween them, to transmit a desired real and reactive power. 
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Or it may be necessary to find what real and reactive 
power can be transmitted for different voltages and angles. 
In either case the power circle diagram is an ideal method 
of expressing the performance of the interconnection. Two 
cases will be considered illustrative of the two forms in 
which the problem may appear. 

Case fa. Two Station System, A and B. See Fig. 49. 


Fixed. Voltages and receiver real power. 
Sending end Station A 
Receiving end Station B 

The given conditions are: 
Sending-end voltage 
Receiving-end voltage BR=110 kv L—-L 
Received power 20 Megawatts 
Load at A 10 000 kw, 6200 lagging reactive kva 

(10.0+j6.2) mva 
Load at B 50 000 kw, 37 500 lagging reactive kva 
(50.0+ 737.5) mva 
It is required to find the real and reactive power that 
must be generated at Stations A and B. This requires 
determination of the reactive power received from the 
line, and the real and reactive power at the input end. 
From the line power quantities and the local loads, the 
required kw and wattless generation can be determined. 


Eg=110 kv L—L 


General Comments 


This is a characteristic problem of transmitting between 
buses whose voltages are fixed by load requirements. 
Wattless capacity in condensers or generators must be 
available at the proper locations because the fixed voltages 
determine the wattless flow over the line. 

Tap-changing-under-load transformers permit main- 
taining the generator bus voltage while raising the effective 
sending-end voltage to transmit wattless. No-load taps 
can be used to a rather limited extent if the power flow is 
in one direction with not too much variation from maxi- 
mum to minimum. 

This problem is often further complicated by the fact 
that the load bus voltage must be scheduled during the 
day, being somewhat more under heavy load conditions. 

The stability of the interconnection is not investigated 
in this chapter: Refer to Chap. 13 for examples of stability 
determinations. 


Obtaining the Circle Diagram 


The method of obtaining the impedance diagram, Fig. 
2, from the single-line diagram, Fig. 1 has already been 
described in Sec. 3 and 4. To obtain the circle diagram 
from the impedance network from A to B two general 
methods of approach can be used. The intervening net- 
work can be reduced to an equivalent Pi and the circle dia- 
gram determined therefrom as shown in Table 12. Or 
ABCD constants can be written for the sections of the in- 
terconnection, from Table 9. These can then be combined 
to obtain ABCD constants for the complete interconnec- 
tion as shown also in Table 9. The circle diagram data can 
then be determined from the overall ABCD constants, 
using the formulas of Tables 12 or 12a. Some prefer the 
ABCD constants because the method is systematic, and 
has a check for each step. Others prefer the equivalent cir- 
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cuit method because they can more clearly visualize the 
problem by this method. As a result both methods are used 
and some examples of both methods will be given. The 
stability problem of Chap. 13 is treated exclusively by the 
method of ABCD constants. This power flow problem hag 
been treated by the equivalent circuit method. 


Reducing the Network 


The first step is the reduction of the network between 
A and B, Fig. 2, to an equivalent Pi, shown in Fig. 49. As 
the equivalent circuits between other buses will be needed 
in subsequent cases, they also must be obtained. A typical 
reduction follows for the section from A to B, the steps 
being shown in Fig. 50. 

Convert the 7’ network a, b, and c to an equivalent Pj 
using Eqs. (105.)-(107). 


Z.= 2824323 
Zp = 24.05 +j43.05 
Ze=  —78000 
Z8 =L y= ZitZet+ZsZ0/ 2 
=2158—j12 778 
M=2yc= Zy+Ze+2Zr4e/Zo 
— 4940-719 050 
Zit LZytZ.Ly/Leo 
= 26.76-+j75.19 


Parallel Jf and N to obtain Zp’ 
= MN <= 
~M+N— 


N 
l 

Ss 

log 
al 


ZR’ — 418 —75700 


Plotting the Circle Diagram 


From the constants Zs’, Z, Zr’ of the equivalent Pi, the 
data for plotting the power circle diagrams for line 4B 
can be obtained, using Eqs. (206a) and (207a) of Table 
12, In the following calculations Hs and Ep are expressed 
in kv, line-to-line which gives the power, calculated as 
E?/Z, in the dimensions of megavolt amperes; that is, 
megawatts (mw) and reactive megavolt-amperes (reactive 
mva). With the power* calculated as P+jQ=ET, the ASA 
standard, a positive value of Q indicates lagging reactive 
power in the chosen reference direction for [. 

Sending-end Circle—from equivalent Pi in impedance 
form 


Es=110 kv, Ep~=1l0kv 
Center 
C -($+35)B 
= §0.9980-+ 7141.9209 
Radius vector for 9=0 
ERE: 
Rso=— : . 


= — 50.8369 —7142.8429 
Power for 9=0 
Wso = Cs+Rso 
=0,1561 —j0.9220 
The sending circle has been drawn in Fig. 51 by plotting 


the center, the power for @=0, and drawing the circle 
*The term power is used generally meaning real and reactive powel- 
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2.82 +j32.3 24.05+j43.05 


~j8000 -j8000 


b 


~4940-j!19050 


26.764j75.19 


2158-jl2778 
—418-j5700 


Fig. 50—Steps in the reduction of line AB to an equivalent Pi. 


through the latter point. The sending power for any 
angle, of Zs in advance of Eg, is a point on the circle, an 
angle @ counter-clockwise from the radius for 6=0. 

Receiving-end Circle—from equivalent Pi in imped- 
ance form. 


E5=110 kv, E,=110 kv 
Center 
Ca= ~($+gs) BR 
Z ZR 


= — 50.6821 —7140.7363 
Radius for 96=0 


ERE 
Rro= o S 
= 50.8369 + 7142.8429 
Power for @=0 
Wro=Cr+Rro 


=0.1548-+ 72.1066 


The receiving circle is located in a similar manner to the 
sending circle. The receiving power for any angle 0, of E's 
In advance of £g, is a point on the circle an angle @ clock- 
Wise from the radius for @=0. The corresponding sending 
‘und receiving power for a given transmission condition 


over the line, are points on the two circles for the same 
angle @. 


Interpreting the Circle Diagram For the 
Particular Problem—Case Ia. 


_ From the conditions of the problem, the received power 
's 20 mw which is found at point 1, on the receiving circle, 
Fig. 51. Laying off the same angle @, on the sending circle, 
the point 1, is located giving the corresponding real and 
reactive power at the sending-end. 


PsgatjQsa = 21.0—77.0 mva 
Pra+jQrs = 20.0— 77.0 mva 
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Fig. 51—Power circle diagram for line AB. 


The local loads at A and B are respectively: (See Fig. 1) 


PratjQia = 104+ 76.2 mva 
PrptjQis =50+ 737.5 mva 


The required generation at A is therefore: 


PoatjQaa=PratjQratPsatjQsa 
=31-— 70.8 mva 


or 31 mw and 0.8 lagging reactive mva. i.e., underexcited. 
The required generation at B is 


PestjQcas = Pist+jQiz— (PretjQrs) 
=30+744.5 mva 


or 30 mw and 44.5 lagging reactive mva. 
The line losses are: 


P.+jQu= Ps+jQs— (Prt+jQr) 
=1+ 70 mva 


or 1 mw and no reactive mva. 

The 72X_, lagging reactive power consumed by the line 
is balanced by the #?/X¢ leading reactive power consumed 
by its shunt capacity. 

For accurate values of losses, Pr +jQpz and Ps+jQs can 
be calculated for the angle @ involved. Transformer iron 
losses must also be added. 

From this example it can be seen that if a particular 
kilowatt load is transmitted over a line with fixed terminal 
voltages, the input and output reactive power quantities 
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are determined by the line, and must be provided for in 
the machines at each end. 
Case Ib, Two-Slation System, A and B, Fig. 1. Fixed re- 
ceiver voltage and real and reactive power. 

Sending end Station A 

Receiving end Station B 


The given conditions are: 
Receving-end voltage Fp=110 kv, L-~L 
Received power (20+715) mva, or 20 mw, 15 lagging 
reactive mva. 
Load at A (10+ 76.2) mva. 
Load at B (50+ 737.5) mva. 


To be determined: 
Sending-end voltage. 
Sending-end real and reactive power. 
Line Losses 
Generation required at sending end. (The generation 
at B must obviously be 30+722.5 mva.) 
Receiving-End Circle (Refer to Fig. 51) 


The center of the receiver circle is the same as deter- 
mined in Case Ia since the receiver voitage is again, 110 
kv. The received power, (20+715) mva is plotted as point 
2, on the diagram. The receiver circle passes through 
point 2x. Scaling or calculating the radius to this point it 
is found to be Rr=171 mva, scalar value. But the scalar 


value from Eq. (207a), Table 12 is a 


. Whence solving 


for the sending voltage 
p _RrZ_ 171X798 


E,=—37= 40 
8 Es 110 124 kv 
Sending-End Circle. 
Es =124 kv, Ex=110 kv 


Center, Cs 

The vector to the center for 110 kv has previously been 
drawn. Increase it in the ratio (124/110)* to obtain the 
new center for 124 kv. 

Radius Vector for 6=0, Rso _ 

The radius vector for 6=0, for #y=110 kv, and Hg =110 
kv has previously been obtained. Increase it in the ratio 
(110 124)/(110X110) to obtain the new radius vector 
at 6=0 for Hs =124 kv, Ep=110 kv. 

Power for 6=0 


Ws0=Cs+ Rgo =7.4916+ 719.3214 


From the center and power at 9=0 the new sending 
power circle can be drawn. The received power point 2p 
occurs at the angle 6. Laying off 6 along the sending 
circle the sending power point 2s is located. Thus: 


PsatjQsa = 21.5+j15.5 mva 
And since the load at A is 

PratjQua = 10+ 76.2 mva 
The required generation is: 


PoatjQca=PsatjQsatPratjQua 
=31.5+721.7 mva 


or 31.5 mw and 21.7 lagging reactive mva 
The losses are: 
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P,+jQ:= Psa tjQsa— (PretjQrs) 
=1.5470.5 


or 1.5 mw and 0.5 lagging reactive mva. 

The required sending-end voltage of 124 kv could be 
provided by a step up transformer at A having a rated high 
voltage of 115 kv and equipped with +10 percent tap- 
changing-under-load equipment, giving it a range of from 
126.5 kv down to 104.5 kv. This would provide for trans- 
mitting only a reduced load in the reverse direction unlesg 
the transformer at B were similarly equipped. 

This problem illustrates that to transmit a desired 
amount of wattless as well as real power over a line with 
fixed receiver voltage, the sending voltage must be under 
control of the operator or automatic means, since the re- 
quired value depends on the wattless to be transmitted. 


Case IT. Three Generating Stations Along One Main 
Interconnection, and Intermediate Substation— 
The methods used in analyzing a two-station system can 
be easily extended to a multi-station system in which the 
stations are all connected along one main transmission 
channel. Such a system is illustrated for example by Fig. 
1 and Fig. 49 with line AHD omitted. Because in this case 
power can flow over only one path, any two stations and 
the line connecting them can be treated as a two-station 
system, independent of the other stations and lines. For 
instance, the system of Fig. 1 with line AFD omitted 
merely adds more stations and lines to the two-station sys- 
tem of Example I, and part AB can be solved as before. 

Besides the addition of another generating station, the 
new system has the added complication of a substation 
between stations B and D. Since there are no generators 
at C to maintain the voltage, the voltage on the substa- 
tion bus is determined by the voltages at the adjacent sta- 
tions and by the real and reactive kva load on the substa- 
tion bus. 

There are in general two problems concerning the volt- 
age at an intermediate substation such as C. First, the 
voltage at one of the adjacent stations may be fixed, and 
it is desired to maintain a given voltage at the substation 
by varying the voltage at the other generating station. 
The problem is then to find the generating-station voltage 
and determine the power and kva flow in both lines. This 
problem can be solved by setting up a circle diagram for 
the line from the substation to the fixed-voltage station 
and determining the kva flow. This kva is subtracted from 
the load on the substation to give the kva that must be 
furnished by the other line. Using this kva, the circle dia- 
gram for the other line can be set up and the desired gen- 
erating bus voltage can be found as in the case Ib just pre- 
ceding. 

Second, the voltage at both generating stations may be 
fixed, together with the real power flow over each line sec- 
tion,-and the voltage at the substation must be deter- 
mined. This can be done by a cut-and-try process, using 
the circle diagrams of the two lines and varying the sub- 
station voltage until the sum of the reactive kva’s trans- 
mitted to the substation is equal to that required by the 
substation load. 

Each of these two operating conditions will be illustrated 
in the following example. 


| 
4 
; 


Chapter 10 


Case IIa. Multistation System with Intermediate Substa- 
tion—No Closed Loops—Fizxed Substation Voltage 


Sending End — Receiving End 
£ 


Line AB A B 
Line BC B Cc 
Line DC D Cc 


The given conditions are as follows, line AB being as- 
sumed to operate under the same conditions as case Ib. 


At A Generated 31.5+ j21.7 mva 


Load = 10 +7j6.2 mva 
Transmitted = 21.5+ 715.5 mva 
Voltage = 124 kv. 

At B Load = 50 +7387.5 mva 
Received over AB = 20 +jli mva 
Transmitted over BC= 6.0+7? mva 
Generated = 36+ 7?mva 
Voltage =110 kv 

At C Load = 18.3+ )7.0 mva 
Voltage = 108 kv 

At D Load = 10.0+ 37.0 mva 


‘To be determined: 

At B Transmitted reactive over BC 
Generated Reactive 

At C Received P+jQ over BC 
Received P-+jQ over DC 

At D Voltage 
Transmitted P+ Q 
Generated P+ jQ 


Solution: 
Line BC, sending circle (B) for Hs=110 kv, Ep =108 kv 
Center (Refer to Fig. 52) 
1 1 \Fe 
Cs > Gara 
= 34.2200 + 7200.7886 
Radius vector for 6=0 


Rso= Ee == —33.5978 —j199.5234 


Power for 6=0 
Wso= Cs+ Ro =0.6222-+j1.2652 (Point 5, Fig. 52) 
Line BC, Receiving Circle (C) for Hs=110 kv Eg=108 kv 


Center 


1, 1 \& 
=a ~ Be 
cam (Jeg) 
= — 32.9870 —7193.5536 
Radius for 6=0. 


= 33.5978 +7199.5234 = 202.3324 
Power for 6=0 
Wro=Cr+Rpro =0.6108+ 75.9698 


Line BC circles are plotted in Fig. 52 from these data, 
the section near the origin being enlarged. From the send- 
ng circle the transmitted power of 6 mw is accompanied 
by transmitted lagging reactive power of 0.6 mva (Point 
2, Fig. 52). From the receiving circle, for the same angle 
91, the received power at C is found to be 6.0+75.0 mva, 
4s closely as the chart can be read (Point 1, F ig. 52). 
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Fig. 52—Power circle diagram for line BC. 


Line DC, Receiving Circle (C) for Hz=108 kv, Hs=? 
Refer to Fig. 53. 


Center 


= — 20.2732 —j142.2751 


The received power over line DC can be determined 

Load at C=18.3+ 77.0 mva 

Received over BC =6.0+ 75.0 mva 

Received over DC =12.3+ j2.0, which is plotted as 
point 1 of Fig. 53. 

Scaling from the center to this point the radius of the 
receiving circle is found to be 147.9 mva, from which 
we can solve for E's. 


= _EREs _108Es 

fir=147.9= Z ~ 801 
147.9 80.1 

Bs=——g = 110 kv 


Line DC, sending circle (D) for Es=110 kv, Ez=108 kv 
Center 


1 1 \5 
—[ = x, BE 
C's (Gtx) g 


SENDING 
p—CIRCLES 


a rn 
ana Pie 
OVER 


Fatcsina 
5 8 pd 


ie KV 


pose ae 
SENDING 
CIRCLE (0) 


LAGGING REACTIVE MVA 


POINTS 1&2 CORRESPOND 
POINTS 3&4 CORRESPOND 


RECEIVING || 
CIRGLE (C) 


| nee fee 
Re ae D-C 


Fig. 53—Power circle diagram for line CD. 


= 20.9354+)146.2781 mw. 
Radius vector for @=0 
EE 
Rso= — a 
= — 20.6011 ~—7146.6527 mw. 
Power for 6=0 
Wso=Cs+Rso = 0.3343 —70.3746 mw. 


The sending circle can now be plotted and laying off the 
angle 6,, the same as for the receiving circle the sending-end 
power is found to be 12.4—71.8 mva, at point 2. 

Now recapitulating, 

At B Transmitted over BC 
Generation otherwise required 
Generation required 

At C Received over BC 
Received over DC 12.3+72.0 mva 
Load at C 18.3+ 77.0 mva 

Losses in line BC* 0 —j4.4 mva 

or 0 mw and —4.4 lagging reactive mva, i.e., 4.4 lagging 

reactive mva is supplied net by the line. 

At D Transmitted over DC =12.4—j1.8 mva 
Load at D =10.0+-77.0 mva 
Generation at D =22.4+75.2 mva 

Losses in line DC=0.1—j73.8 mva* or 

0.1 mw and —3.8 lagging reactive mva. 


6.0+ 70.6 mva 
30.0+ 722.5 mva 
36.0+ 723.1 mva 

6.0+ 75.0 mva 


*Sce discussion of losses in case Ja. 
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Case IIb. Multistation System with Intermediate Substa- 
tton—No Closed Loops—Substation Voltage to Be De- 


termined 


The generating-station voltage magnitudes are assumed 
to be fixed. As the methods of combining loads and of de- 
termining losses are simple and have been outlined in the 
previous cases, this case is confined simply to determining 
the voltage of the intermediate substation and the reactive 
power flow over the lines. The real power flow is assumed. 


Given: 
Voltage at B=110 kv 


Voltage at D=116 kv 
At C 


Load at C 18.3+ 77.0 mva 
Received over BC 6.0+7? mva 
Received over DC 12.3+ 7? mva 


To be determined: 
At B Transmitted power over BC 
At C Voltage 
Received reactive over each line 
At D Transmitted power over DC. 


A cut-and-try method is employed, based on assuming 
values of voltage at C until a value is found that results 
in a total received reactive power equal to the reactive load 
at C (+j7.0 mva). Obviously after a few trials a curve of 
received reactive power versus voltage-at-C can be plotted 
and the proper voltage read from this curve. Or after two 
trials the increment of reactive per increment in voltage 
noted, so that the third trial is simply a check. Assume, to 
start with, a voltage of 109 kv at C. Circle centers and 
radii can be found by ratioing from values calculated in 
Case IIa.** Refer to Table 13. 

The second trial gives a sufficiently close value of total 
reactive (+j6.2 mva compared with the desired+ 7.0 
mva) and the circles corresponding to this trial are used to 
determine the power quantities. Thus, drawing the cor- 
responding sending circles, and using points 3 and 4 on 
Fig. 52 and 3 and 4 on Fig. 53. 


At B Transmitted over BC 6 —j5.2 
At C Voltage is 111 kv 
Received over BC 6 —J0.5 
Received over DC 12.3+76.7 
Load Assumed 18.3+ 7.0 
At D Transmitted over DC 12.34 72.5 


“Obtaining Circle Centers and Radii by Ratioing—General: 
In working graphically, after one sending and receiving circle 
have been drawn for a given intervening network, all further 
work can be done by simple scalar ratios and graphical con-’ 
struction using the following relationships. 


a. The center of a receiving circle is always along the same 
line through the origin, the distance to the origin being 
proportional to E2. 

b. The center of a sending circle is always along the same 

line through the origin (not necessarily the same as in @) 

the distance to the origin being proportional to £3. 

The scalar value of the radius is proportional to Bs Er. 


. The radius for 6=0 is always parallel to the first one drawn. 
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TABLE 13 
a a SE Ee 
Case IIa Case IIb, Trial 1 Case IIb, Trial 2 

BC Receiving Circle, (C) 

1 Es = 110 110 110 

9 ER= 108 109 lil 

3 Center, Cr= -(5+3,) Bia — 32.99—j193.55 — 33.60—j197.15 — 34.85 ~j204.45 

RA 

4 Radius for 6=0, Rao == 33 .60+ 7199.52 33.91+ 7201.37 34.53 +7205 .06 
5 Power for @=0, Wro=CartRro= | eee e eee eevee ee 0.381+7 4.22 — Q0.32+ 30.61 
6 Reactive corres. to6 mu, from circle |] ca eee een eeeeeeee +j 3.2 —j 0.5 
DC Receiving Circle, (C) 

7 Es= 110 116 116 

8 LEr= 108 109 111 

9 Center, C= ~(5 +g) Bi= — 20.27—j142.27 ~ 20.65 —j144.92 — 21.42—j150.28 

RZ _ 

10 Radius for 6=0, Rro = nis 20.60+ 7146.65 21.93+ 7156.08 22 .33+4+)158 .95 
ll Power for @=0, Wro=Crt+Rro | cecveccceevcccceeae 1.34-+7 11.16 0.98+7 8.67 
12 Reactive corres. to 12.3 mw, fromeircle |  .......... cee eee +j 9.3 +j 6.7 
13 Reactive received at C, Sumof6and12 twee, +j 12.5 +7 6.2 


Case III. Loop System, Three Generating Stations, 
Two Intermediate Substations, Fig. 1*—Power flowin 
the complete loop system of Fig. 1* is next considered. A 
method for calculating the effect of a regulator for con- 
trolling phase angle and voltage ratio is given. This meth- 
od in general consists of breaking the system at one 
point and treating it as several stations along one line up 
to the point of closing. The voltage required to close the 
loop can then be determined and also the circulating 
current that flows if the loop is closed without this 
voltage. 

The simpler problem is to calculate the voltage required 
to close the loop for a given power flow condition, as this 
is simply an extension of Case II, above. The voltage re- 
quired to close the loop gives the necessary setting of a 
regulating device to produce the assumed power flow. 

It must be remembered that up to the point of closing 

the loop there is complete and independent control of real 
and reactive power flow over each line section connecting 
two generating stations. This assumes that permissible 
voltage or stability limits are not exceeded. For example, 
the generator voltages and throttles at A and B can be set 
to produce a desired real and reactive power over this line. 
Then holding the voltage and speed at B fixed, so as not to 
affect the flow over line AB, the generator voltage and 
throttle at D can be adjusted to give the desired flow in the 
BD section. Now if the voltages and speeds are held fixed 
at A, B, and D by suitable adjustments at those points, 
then the connection of a line from D to E and the passage 
of any amount of power over it under the control of a 
regulator in the line will have no effect on that part of the 
loop external to line AD. 
_ Thus the problem reduces to a consideration of the flow 
in the section A to D only when the magnitudes and phase 
Positions of the voltages at those two points have been 
Previously fixed by the required conditions elsewhere in 
the loop. 


*Fig. 49 also shows the system except for loads. 


Case IIIa. Loop System, Given Power Flow, Find Voltage 
Across Open Point 


Given Conditions. 


For the system external to line AD we shall use the 
voltages and power flow conditions described in Fig. 54 
which have been arrived at: 


For line AB from case Ia, Circle Fig. 51. 

For line BD from case IIb, Circle Figs 52 and 43. 

Load at # = 10.0+75.0. 

Voltage at E will be taken as 111 kv for converting loads 
to impedances. 


Required to Find. 


The voltage between A and A’. 
There are a number of ways to go about this problem. 


21.0-j7.0 
—_ 

A’hO KV) 
' 


e 
o 

2 

ee ae 
ol 

© A 
a 
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Fig. 54—Power flow condition for Case IIIa. 
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The one selected involves the following steps: 


a. Assume a voltage at # and determine the power con- 
sumed by the open line. Add this to the load at F to 
obtain the total load reecived over line DE. 


b. Find the voltage at # at which this load can be re- 
ceived. 


c. Determine the voltage at A’, and the angle between 
it and the voltage at A. 


Proceeding with the calculations in this sequence: 
a. The input power at Z to the open-ended line EA’ is 
obtained from the impedances, Fig. 49. 
Pe Es 
wre +Zr' a 
tm it? 
~ —418+ 75700 ' 2158+ 712 700 
= 0.0049 —73.0877 mva 
Load at #7 =10.0+ 75.0 mva 
Open line LA’ = 0.0—j3.1 mva 
Power received from DH =10.0+71.9 mva 


Pst+jQs= 


b. The circle diagram for line DE is given in Fig. 55. 
By trial it is found that with a receiver voltage at 
FE of 113.5 kv the received power is 10.0+71.9 mva 
as desired and the corresponding sending power at 
Dis 10.0—30.5, within the accuracy of the graphical 


construction. 
Est}I6 KV ia 
2 


RECEIVING 
CIRCLE 

| | ty 
van 


Fig. 55—Power circle diagram for line DE. 
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c. The voltage at A’ is: 
Zs 
Z+Z;' 
113.5(2158 —712 778) 
~ 26.76+ 775.19 +2158 —j12 778 
= 114.18 —j0.407 = 114.2 kv. 
Taking H,=110e!° 
Angle of A in advance of B, Case Ia, = 943 =8.15° 
Angle of B in advance of C, Case Ib, = 6@gc = 1.76° 
Angle of D in advance of C, Case Ib, = §pc=4.14° 
Angle of D in advance of E, Case IIIa, = @pp=3.23° 
Angle of A’ in advance of #, Case IIa, = 64’ =0.17° 
Angle of A in advance of A’ =O) 4 
65, =9ant+4nc— Ooc+ Ipe— 9a Ez = 8.83° 
Thus, since #4 =110 kv and Fa’ =114.2 kv 


= 110 JOnts ' j 
Ba= (Fy Bs 


and a regulator having a setting such as to result in a 
vector ratio of 


E,'=Ep 


1:0.963 88° 


closes the loop with the power flow as indicated. For any 
other desired power flow in the various sections of the 
loop the requisite regulator setting can be similarly cal- 
culated. Thus by taking the extreme conditions of flow 
one way and then the other, the range required of the 
regulator can be determined. 


Case IIIb. Loop Closed Without Regulator 
Given Conditions. 
The load £, for simplicity is converted to an impedance 
on 111 kv base. 
Voltage at A=110 kv 
Voltage at D=116 kv 
Angle of D in advance of A = —5.77° 


To Be Determined. 

Power flow in Line AD. 

With the conditions stated as above the problem is easily 
solved by determining the circle diagram for the complete 
line AD. The load impedance at EF is shown on Fig. 56 
together with the reduction to an equivalent Pi. The circle 


26.764j75.19 E 26.76+)75.19 


-418-j5700 


988+j494 
LOAD ATE 


2507-j167.8 
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Fig. 56—Reduction of line AD. 


Chapter 10 Steady-State Performance of Systems Including Methods of Network Solution 341 


diagram for the line DA is given in Fig. 47. Using the 
given voltages and angle it is found that 


Power transmitted at D over DA = —1.0+76.5 
Power received at A over DA = —11+ 6.2 


From the circle diagram of a line connecting two points 
of known voltage and phase angle the effect of a regulator 
at one end can be determined by multiplying the voltage 
at that end by the vector ratio of the regulator and using 
the value thus obtained as the voltage at that end of the 
Jine. 

It is hoped, that while it has not been possible to cover 
all conditions, a study of the methods used in the cases 
given will point the way to the solution of most other cases. 
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CHAPTER 11 


RELAY AND CIRCUIT-BREAKER APPLICATION 


Original Authors: 
E. L. Harder and J. C. Cunningham 


operation of a power system is to prevent or limit 
damage during faults or overloads, and to minimize 
their effect on the remainder of the system. This is ac- 
complished by dividing the system into protective zones 
separated by circuit breakers, such as are shown in Fig. 1. 
During a fault, the zone which includes the faulted appa- 
ratus is de-energized and disconnected from the system. 
In addition to its protective function, a circuit breaker is 
also used for circuit switching under normal conditions. 
The relay application problem consists of selecting a 
relay scheme which will recognize the existence of a fault 
within a given protective zone, and initiate circuit-breaker 
operation. This problem is considered from a system 
point of view. The operating characteristics of protective 
schemes for generators, transformers, lines, and buses are 
discussed in their relation to overall system performance. 
Reference is made to other publications, particularly 
Silent Sentinels’, for the operating characteristics and con- 
nections of individual relays. It is proposed here only to 
give the general features which will determine the type of 
scheme to be used. 
The circuit-breaker application problem consists pri- 
marily of determining the interrupting requirements, 
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Fig. 1\—Typical system showing protective zones. 
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normal current, voltage, and other rating factors required 
to select the proper breaker for each location. These fac- 
tors are discussed, and methods of calculating the fault cur- 
rent and interrupting rating are given. 


I. GENERAL PHILOSOPHY AND BASIC 
RELAY ELEMENTS 


As mentioned the system is divided into protective zones 
as shown in Figure 1, each having its protective relays for 
determining the existence of a fault in that zone and hav- 
ing circuit breakers for disconnecting that zone from the 
system. It is desirable to restrict the amount of system 
disconnected by a given fault; as for example to a single 
transformer, line section, machine, or bus section. How- 
ever, economic considerations frequently limit the number 
of circuit breakers to those required for normal operation 
and some compromises result in the relay protection. 

The relays operate usually from currents and voltages 
derived from current and potential transformers or po- 
tential devices. A station battery usually provides the 
circuit breaker trip current. Successful clearing depends 
on the condition of the battery, the continuity of the wiring 
and trip coil, and the proper mechanical and electrical 
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operation of the circuit breaker as well as the closing of the 
relay trip contacts. 

In event of failure of one of these elements, so that the 
fault in a given zone is not cleared by the first line of de- 
fense, relays and circuit breakers, some form of back-up 
protection is ordinarily provided to do the next best thing. 
This means, first of all, to clear the fault automatically, if 
at all possible, even though this requires disconnection of 
a considerable portion of the system. Once cleared, the 
system can generally be rather quickly restored; whereas 
if the fault hangs on, the line may be burned down, or 
apparatus damaged beyond repair, or the entire system 
may be shut down for an extended period. The measures 
taken to provide back-up protection vary widely depend- 
ing on the value and importance of the installation and the 
consequence of failure. These will be discussed in a sepa- 
rate section. 

Some utilities in measuring the performance of trans- 
mission line relay protection analyze all relay trip opera- 
tions as shown in Table 1. The numbers shown are typical 
of a system operating 3000 miles of 110-kv line. 

This is only an analysis of faults for which the relay 
tripped or should have tripped. For each of these there 
were several cases where the relays should not have 
tripped, and did not. Thus the total number of discrim- 
inations made by the relays is possibly five to ten times 


TABLE 1—RELAY OPERATIONS 


Per Cent 
Correct and desired... 00.0... 0. cece eee eee eens 92.2 
Correct but undesired... 0.0... . cece eee eee eee 5.3 
Wrong tripping operations. ...........00ccev eee crete eee 2.1 
Failure to trip 0.4 


i 


as great as the trippings. The percentage failures are 
correspondingly less on this larger basis. 

However, Table I has been presented at this point to 
bring out the following factors that enter into a highly 
successful protective relay system: 

1. Good equipment, relays and instrument transformers. 

2. A system design that can be protected and correct applica- 
tion of relays to provide the possible protection. 

3. Good maintenance primarily to assure that all the accessories 
are operative. 


The correct but undesired trippings are cases where the 
relays have done what should be expected from their 
characteristic curves and settings and the fault conditions 
involved. There may have been system changes since their 
application, or incorrect initial application, or application 
with foreknowledge that certain conditions would un- 
avoidably operate the relays, but this was necessary to 
secure tripping in other desired cases. 

It is important to bear in mind that simple standard 
system design plans can be better protected. Distance 
measuring and carrier or pilot-wire types of relaying are 
much less subject to disqualification by system changes 
than are over current types. 

Wrong tripping and tripping failures, together with all 
causes of failure to clear faults, are found to stem largely 
from human errors, such as leaving the trip circuit open 
after test, or to open circuited trip coils, or mechanical 
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failure of the circuit breaker, or blown fuses in trip cir- 
cuits (if used). Only a small part of the total failures occur 
in the protective relay itself. Thus close attention to the 
initial design, installation, testing, and maintenance of all 
of the accessory equipment, as well as of the protective 
relay proper, are needed to assure successful operation. 

The application of protective relays properly requires 
evaluation of several factors, namely: 


1. The requirements of the power service and desired function- 
ing of the system during fault conditions to produce this 
result. 

2. The currents, voltages, temperatures, pressures, or other 
indicators at time of fault which provide the fundamental 
basis of discrimination. 

. The characteristics of available or standard relay elements. 

. The schemes in which they are used. 


wm CO 


A wide variety of characteristics are now available op- 
erating in response to the prime quantities themselves, or 
to various functions of these prime quantities, such as 
power, phase angle, power factor, current comparison, 
power comparison, impedance, reactance, modified re- 
actance, current ratio, or phase-sequence component. 

In each case the response may be instantaneous, mean- 
ing no intentional delay, or the operation may depend in a 
predetermined manner on the electrical quantities and 
time of duration. 

2. Basic Relay Elements” 

The more commonly used relay elements and their un- 
derlying principles of operation are shown in Fig. 2. The 
schemes in which the elements are used are much more 
numerous. The more common ones will be described under 
the application headings, such as generators, transformers, 
and buses. 

Instantaneous Elements—F¥or instantaneous re- 
sponse to current or voltage the solenoid element, Fig. 2(a), 
is most common, appearing individually or as the instan- 
taneous attachment with the induction-type overcurrent 
relay. The beam element, (b), with spring or weight bias 
is used where low burden is desirable, as when setting for 
low ground currents with low-ratio bushing current trans- 
formers. The polar element, (j), is of far lower burden 
than the nonpolar types and has come into widespread use 
since 1935 as the receiver relay of directional-comparison 
carrier equipments, and is the basic element when supplied 
from networks or electronic devices. For example, it ap- 
pears as the operating element in a pilot wire relay, in a 
phase-comparison carrier relay, in linear-coupler bus pro- 
tection, and in supervision of pilot wires. 

Because of its higher pick-up to drop-out ratio and less 
accurate setting the clapper-type element, (c), is used less 
frequently for the primary protective functions but is 
widely used as an auxiliary relay. 

Induction Elements—The induction-disk element, 
(d), continues to be most widely used, its reliability and 
inherent time characteristic giving it great flexibility for 
co-ordinating relays in series or co-ordinating with fuses or 
direct-trip devices. A variety of characteristics are avail- 
able from the definite-minimum-time, which is ideal for 
securing definite time steps between relays, to the very 
inverse which provides faster tripping with the same mar- 
gins when the fault current drops considerably from one 
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Nores: 
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Fig. 2—Relay elements. 


(a) Operating characteristics show typical order of magnitude 
only; varies with type of relay and adjustments. 
(b) Subscript , indicates setting or balance point value. 


Schematic 


(a) 


me 
wl 
(c) 
Solenoid, “Instantaneous,” © AC 


or DC, adjust by taps on coil or by 
initial plunger position. 


Operating Characteristics™ 


(b) 
al or i 
OR 
SPRING ce I ' 


Balance beam, AC or DC, ‘“In- 
stantaneous,”’ adjust by coil taps, 
and core screw (airgaps in mag- 
netic circuit). 


s 
CA 


TIME CYCLE 


(c) 


Armature or clapper type,—AC or 
DC, ‘‘Instantaneous,’’ usually 
fixed settings by design. Primarily 
auxiliary voltage relay. 


TIME CYCLES 


TORQUE COMPENSATOR 


Induction disk inverse-time over- 
current element—AC-Current is 
supplied to the lower pole, and by 
inductive coupling to the upper 
pole, directly, or through a torque 
compensator (saturating trans- 
former). The upper pole induces 
currents in the disk. Torque is 
produced by the reaction between 
these currents and flux from the 
lower pole. Adjust current setting 
by coil tap and time setting by 
contact travel. 


UPFE Pe 
= DAMPING 
(e) MAGNET 
et : 
LOWER POLE 


Induction disk directional element. 

Current induced in the disk by the 

upper pole reacts on flux from the 

lower pole to produce torque. 

1 Lag loop to bring lower pole flux 
in phase with upper pole current 
at unity power factor of H and J. 


Operates for J greater than Io. 


Times shown are maximum. Re- 

lays adjustable for times down to 

0.1 or 0.05 times those shown. 

1 Inverse, low energy 

2 Very inverse, low energy 

3 Standard energy definite min- 
imum time 

4 High-speed, no torque compen- 
sator 


REFERENCE 


WN 


Vector diagram of # and J. 


Contacts close for I in unshaded 
region, open in shaded region. 
Torque expression 

T =KEI cos 0 
where K is a constant, @ is the 
power factor angle. 


~ 
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(ec) All current relays are also voltage relays by suitable no, of 
turns and external series impedance since 1] = E/Z. 
(d) “Instantaneous” is defined as “‘no intentional delay.” 


Schematic 


(fF) 


Multiple pole induction cup or 
disk. Each pole produces a torque 
product in conjunction with its 
adjacent poles and lesser torques in 
conjunction with those one pole 
removed, etc. 


Operating Characteristics™ 


Example: Connected as direction. 
al element (quantities in paren. 
theses applied to respective poles) 
for watt characteristics, @ is made 
zero. 


Contacts close for J in unshaded 
region, open in shaded region. 
Torque expression 


T =KETI cos 6. 


T =Kylik; cos (O12 +61) —Kilils cos (618 +41) 
+Kilsly cos (64 +61) ~All, cos (82 +1) | First Order 


+Kilils cos (85 +61) —Kiulsls cos (854+) 


Terms 


+Kilrls cos (9:8 +41) —Kilsls cos (016 +61) 
+Kalils cos (913-2) —Kalil; cos (617 +62) jorcone Order 


+etc. 


Terms 


(g) ¢ 


HAF T 
PHASE SHIFTER SHAFT 


Induction disk or cup directional 
element as in e or f, with phase 
shift, ¢, applied to voltage, F. 


@ is the phase shift angle. 


POSITION? 


Contacts close for J in unshaded 
region, open in shaded region. 
Torque Expression 


T =KET cos (@—¢). 


OPTIONAL 
PHASE 
SHIFTER 
TrRONT 


BACK 
CONTACTS 


Inductor-loop high-speed direc- 
tional element. Current induced in 
the loop by transformer action 
from the voltage winding reacts 
with flux crossing the gap of the 
current electromagnet to produce 
torque. 


General characteristics 
T=KEIcos(@—¢). 


\\ 


Watt characteristic adjusted for 
@=0 T=KEI cos 6. Front con- 
tacts close for J in unshaded area. 
Back contacts close for J in shaded 
area, 


eile © 


| 
} 
‘ 
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Schematic 


(i) 


E fr 


}ligh-speed balance-beam imped- 
ance element—operates when “cur- 
rent pull” on front of beam over- 
balances ‘‘voltage pull’ on rear of 
beam. Adjust balance point by 
current—coil taps and core screw 
(air-gap adjustment). 


Vj ) DAMPER Tye Toc 


Polar element DC (or AC is used 
with rectifier), “instantaneous” 
type, current in the operating coil 
makes the moving armature a 
north pole. It is drawn toward the 
south pole of the permanent mag- 
net. 


(k) 


REAR 


High-speed balance-beam modified 
impedance element. Adjust im- 
pedance radius of circle, Zo, by 
current coil taps, #, and core screw 
(air gap). Adjust angle of line 
wong which center is shifted by 
taps on resistor, Rg. Adjust im- 
pedance Zp by which center is 
shifted by taps on current trans- 
former, CT., and on resistor Rj. 
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Operating Characteristics 


N SS 
a 
KS 
\ HEP 
WITHIN 
CIRCLE 
\ \ 


Balance point #=Zo (radius of 


circle), Examples: 


WA 
1) DAMPER 
Peete 

< DAMPER 
pa SS] 


[2 3 4 
Tq_ OB Igo 


iJ 


TIME CYCLES 


Operates for Ide or Ine greater 
than Jo. 


Displaced circle impedance char- 
acteristic relay trips for all faults 
for which impedance, Z, seen by 
relay falls within circle. 
Zo, Zr, and ¢ are adjustable. 
Balance point locus:— 
Z =Zpe? +Z'% 
for all values of a. 


/TIME 
LEVER 


DAMPING 
MAGNET 


t SPRING 


Induction type power relay. Oper- 
ating torque is product of current 
induced in disk by upper pole and 
flux from lower pole. 
1. Lag loop to bring lower pole 
ux in phase with upper pole 
current at unity power factor 
of Bandd. 


TYPICAL POWER VECTOR DIAGRAM 
+Q 


YY 


ZERO 
TORQUE LINE 


+P 
REFERENCE 
@PF ANGLE 


P+jQ 


-Q 


P4jQ=E 1(P =EI cos 6) 
Contacts close for P+7Q in un- 
shaded region with timing as in- 
dicated below. 


ee) 


1 on typical time lever settings. 


Schematic 


PHASE SHIFTER IF NEEDED 2 
Induction impedance element E? 
pulling against KEI cos (@—@). 


(Right) Contacts close for Z in 
unshaded area. Balance point at 
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Operating Characteristics™ 


Current tripping characteristics 
with fixed voltage. Contacts close 


for J in unshaded area, Balance 
point at 2 

: ~K cos (8-9) 
or Zno=k cos (9—-@). 


RESTRAINING 
(n) NOI 


REST, 
NO. 3 


OPERATING ELECTRO MAGNET 


bE 

4 

ui 

ez 

38 

22 

EE 

ce 

oo 

irik) 

t 

62 
Oo 20 40 60 
FAULT CURRENT THRU RELAY 

AMPS 


Contacts close for currents above 
curve corresponding to relay set- 
ting. 

(Left) three winding transformer 
differential relay. (Damping mag- 
net not shown). Adjust by taps on 
operating winding. (Also see Tig- 


Induction-type ratio-differential 
relay for generator and transformer 
protection, 


Operates in 0.1 to 0.2 sec. on heavy 
faults. Contacts close for currents 
in unshaded areas. (I: and J3 
approx. in phase.) Scale shown is 
for a 10 percent differential gener- 
ator relay. 


(P) 


—~ 


la “Tp 


Induction type phase balance relay 
(contact normally spring cen- 
tered). Asecond disk on same shaft 
balances I, vs I. 


% TAP VALUE CURRENT 


oS 100 200 300 400 


‘% TAP VALUE CURRENT 
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Schematic 


(q) 


Ic 


8 pole induction cup or disk con- 
nected as a polyphase directional 
clement. 


Combined pos.-seq.-current and 
weighted zero-seq.-current filter. 
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Fig. 2—Relay elements—Continued 


Operating Characteristics® 


Response proportional to KIF iT; 
cos (8;-60+6) +Fols cos (82+ 


60+4)]. For positive sequence pow- 
er contacts close for PR+jQer in 
and 6) are 
negative sequence 
PF angles; ¢ is relay design or ad- 


unshaded region. 01 
positive and 


justment angle. 


EQUIVALENT CIRCUIT 
Ix 


where 
ie 2R, 
The internal voltage is: 
By, =2Ri(i1+KIh). 
The internal impedance is: 


Z=Ri+Ro+z 


where z is the impedance of in- 


dicated wdg. of 3-wdg. reactor. 


a. 

POTEN-/ \Xg 
TIALS » ‘ 
‘AUTOS 


INDUCTION 
ELEMENT 


Negative sequence directional ele- 
ment—using potential, Ay, and 
current, J2, sequence segregating 
networks, 


THREE WINDING REACTOR 
NEGATIVE SEQUENCE NETWORK 


Phase selector relay (selects faulty 
phase for single line-to-ground 
fault). 


POWER VECTOR DIAGRAM 


Contacts close for P2+jQ2 in un- 
shaded region. 


Shown for ‘‘A"’ element. Contacts 
close to right for Ia in unshaded 
region. For fault on phase A-zrd 
Iw is in approx. position shown by 
full line; for a fault on B-grd or 
C-grd it is as shown by dotted 
lines. Other two phases similar. 


x 


! Schematic 


(U) 


Operating Characteristicg') 


POLARIZING 


OPERATING 


EA jrestRain- 
ING 


POLARIZING 


Contacts close for Z inside the 
circle. Balance point for circle 1 

; ‘: ; (A, =0) Z ator G—e) 
High speed 4 pole induction e¢yl- ; JK 
inder type MHO unit (offset when = Balance point for circle 2 
4v% 9). Radius and @ adjustments (Zy not 0) Za" (@—9) 


not shown. K —2y, 


(v) 
MAX. TORQUE 
POSITION 


~ 


q £2.30 SEi2 
operating CUARIZING  RectRAINING 
High speed 4 pole induction-cyl- 


; Current tripping characteristic 
inder type directional starting unit. 


with fixed voltage. Contacts close 
for J, in the unshaded area. Bal- 
; int for Z Ey. sin B 
ance point for =KT, cos (a —30) 
where 
8 is angle between Ey», and Eo 
a@ is angle between /, and Hy 


(W) POLARIZING 
cf 
OBeRAT RESTRAINING 
ING 


: r\ i 
POLARIZING 


High speed 4 pole induction cyl- 


glane i F ang °) = K, 
inder ohm unit (blinder). Balance point Z cos (6-+20°) =K 


Contacts close for Z in the un- 
shaded area. 


(x) 


POLARIZING 
£ 
RESTRAINING 
OPERar- 
ING 
I 
POLARIZING 


Balance point Z cos (@ —90°9 =K; 
Contacts close for Z in unshade 
area, 


High speed 4 pole induction cyl- 
inder reactance unit. 
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Fig.2—Relay elements—Continued 


schematic 


(y) 


“Jnstantaneous’’ three phase in- 
ductor loop directional element. 
Currents in loops by transformer 


Operating Characteristics” 


MAX 
TORQUE 
POSITION 


ZERO 
TORQUE 
LINE 


_, 45° Characteristic Relay 
Yirst contacts close for J, In un- 
shaded area. Shown for balanced 
three phase conditions. Under any 
pene tots relay torque is real part 
° 

T =(P —N)/45° 

P=, 


action from voltage windings react 
on flux from current magnets to 
produce torque. 


N =EFol.. 


TIME IN SECONDS 


° 2 4 6 8 10 
DISTANCE IN OHMS 


Above a eurrent pick-up disk runs Contacts close in a time 


at i speed proportional to £ build- taZ 
ing up the spring force until it at which time 
over-balances voltage restraint KE =I 
KE. or 
5 El 
Z=>=-> 
IoK 


relay location to the next. The more inverse characteristic 
also co-ordinates better with fuses. 

The induction disk serves as a directional element, (e), 
or, when used with a spring, as a watt element, (J), the 
electric torque being proportional to EJ cos @, where @ is 
the power-factor angle. Either of these can, of course, be 
current polarized instead of voltage polarized for use in 
ground relaying when a bank-neutral current is available. 

The relative phase of voltage and current can be shifted 
by internal or external phase-shifting devices to produce 
maximum torque for power factors other than unity, as in 
(y). For example, the directional element for ground re- 
laying usually has its maximum torque for current lagging 
the voltage by 60 or 70 degrees to provide maximum 
torques for the fault conditions. A pure watt characteristic 
is used with the 30 and 60 degrees connections for phase 
directional relays,the phase shift being provided by using 
the voltage of a different phase from the current. With 
the 90 degree connection this shift is too much, and the 
Voltage is advanced about 45 degrees by a phase shifter to 
Provide a maximum-torque position for a current 45 de- 
stees lagging. 

The disk is provided also with an electromagnet, (0), 
Producing ratio characteristics for use as a differential re- 
lay for generators or transformers. The generator-differ- 
ential relay is shown in (0). The transformer relay has 
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windings 1 and 2 tapped for different current-transformer 
ratios. 

Referring to Figure 2 (0), the differential current pro- 
duces lower-pole flux which acts in the operating direction 
on disk currents produced by the upper pole which is trans- 
former fed from the same differential current. The re- 
straint torque, giving the ratio-differential characteristic, 
is produced by the through current in coils 2-8, which 
supply disk current by transformer feed to the upper pole, 
and by lower-pole flux produced by the same through cur- 
rent. 

The induction disk provides a tripping-time-proportion- 
al-to-impedance charactcristic as shown in Figure 2(z). 

Multiple Electromagnets or Disks—Two electro- 
magnets on the disk provide for balancing mechanical 
torques with no phase angle effects (see (p)). When these 
are both current electromagnets, the relay is the regulat- 
ing-transformer differential relay which balances the cur- 
rent in the shunt exciting winding against the through line 
current. For example in a = 10 percent regulating trans- 
former, it operates when the shunt current exceeds about 
15 per cent of the through current. When both electromag- 
nets are voltage energized, the voltage-differential relay 
results. When one is voltage (actually responsive AK E*) 
and one is a product element, EJ cos (6-$), a balance oc- 
curs when J cos (6-¢)=KE. This impedance character- 
istic is shown in current and also in an R-X plot in (m). 

A second disk on the same shaft provides space for two 
more electromagnets. This structure is used as the phase- 
balance relay for motor protection, whose characteristics 
are shown in (p). It is used for the 3-winding-transformer 
differential relay, using one operating electromagnet and 
three restraint electromagnets, (n). With two current- 
input windings on each electromagnet and with two re- 
lays per phase the multirestraint bus differential relay 
results. Its used will be described later. 

Multiple-Pole Cylinder or Disk Elements—The 
multiple-pole cylinder or disk element is illustrated in (f). 
The example shows how it would be energized to act as a 


- single-phase directional element having torque propor- 


tional to EJ cos @. This element also serves as a polyphase- 
directional element by the connection, (¢g). The multiple- 
pole element is flexible making possible a variety of other 
combinations. 

Four-Pole Induction-Cylinder Elements—These 
high-speed elements serve a variety of purposes as shown 
in Figure 2(u), (v), (w), and (x). The element (uw), desig- 
nated a mho element, operates with torque EZ? cos (9—@) 
restrained by torque proportional to #?. It produces the 
circular-impedance-tripping locus passing through the 
origin or relay location, the same as shown for the induc- 
tion disk in (m). Or with either element, the circle can be 
shifted from this position by current compensation, /Zp, 
in the restraining circuit, as indicated. A directional- 
starting unit, (v), is obtained using current times shifted- 
quadrature voltage for operating and the product of two 
delta voltages for restraint. This results in maximum 
torque for current 30 degress ahead of the quadrature 
voltage or about 60 degrees lagging the unity-power-factor 
position. 

The special impedance characteristic, (w), obtained, by 
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Z? operating against ET cos (6-+20 degrees) is used to re- 
strict the tripping area to assist other relays in differenti- 
ating heavy load swings from faults. A reactance element, 
(x), is obtained similarly with the phase-shift devices ar- 
ranged so that the maximum-torque line is along the z 
(reactance) axis. 

Inductor-Loop Element—The inductor loop, (h), pro- 
vides a very high speed and very reliable directional ele- 
ment which has been used for many years now in high- 
speed distance measuring relays. 

Balance-Beam Element—The basic balance-beam im- 
pedance element is shown in (7), a balance occurring for 
E/f=Z . For higher impedances than Z (current rela- 
tively lower) the contacts remain open; whereas for lower 
impedances (relatively higher currents) they close quickly. 
Since the balance is mechanical, the phase angle between 
voltage and current is of minor consequence, and the trip- 
ping characteristic, plotted on an R and X diagram is 
substantially a circle. 

Modified-Impedance Characteristic—The circu- 
lar characteristic may be shifted by some circuits auxiliary 
to the element as shown in (x), in order to provide better 
discrimination between fault currents and load and swing 
currents on long, heavily-loaded transmission lines. The 
shifting imparts a directional characteristic to the relay in 
addition to narrowing its tripping region to more nearly 
just that required for faults. 

Networks and Auxiliary Circuits—It may be 
noted that in discussing fundamental relay elements cer- 
tain auxiliary circuits external to the mechanical relay 
have been introduced: in (g), the phase shifter; in (7), the 
Rectox; and in (x), a full fledged network to produce in the 
relay element proper, the desired currents. This is a trend 
of which we shall certainly see more as time goes on, as 
static circuits are devised to produce a simple current out- 
put proportional to the desired function of the various line 
currents and voltages. 

Sequence-Segregating Networks, I,1KI,—The 
method of symmetrical components has been the key 
that has unlocked the door to a number of the aforemen- 
tioned possibilities, some of which are illustrated in (r), 
(s), and (¢). The positive- and zero-sequence network in 
(r) is commonly used in pilot-wire relaying, where it is 
desired to compare over the wires only one quantity, which 
is a good measure of the fault current irrespective of what 
kind of fault it may be, that is A-B, A-Grd, ABC. The 
relay can be given almost independent and widely different 
settings for phase faults and ground faults, using the single 
relay element. For example, it may be set for one ampere 
of ground fault to provide the requisite sensitivity, but for 
ten amperes of 3-phase current to avoid operation on loads. 

A negative-sequence directional element is shown in (s). 
It is an adequate directional element for ground faults on 
reasonably well-grounded systems, and requires only two 
potential transformers rather than three as with usual 
residual-directional relays. 

Another novel application, (¢), is the phase-selector re- 
lay to determine which phase is faulted. This information 
is necessary in single-pole tripping and reclosing schemes. 
It is predicated on the knowledge, from symmetrical- 
components theory, that the negative-sequence current in 
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the faulted phase only is in phase with the zero-sequengg 
current. Individual overcurrent elements in the thy, 
phases could not be used for this selection as all three 
would pick up for a single line-to-ground fault on many 
solidly-grounded systems. 


II], PROTECTIVE SCHEMES 


Protective schemes may be conveniently classified ag 
follows: 


1. Apparatus Protection 
2. Bus Protection 
3. Line Protection 


Thus, in Fig. 1, generator and transformer protection 
come under the “Apparatus” classification; generator 
buses, high-voltage buses, and substation buses, under the 
second classification; and high-voltage transmission lineg 
and feeders under “Line Protection.” 

The relay application chart, Table 2, has been included 
for ready reference in determining the operating principles 
and application of various specific relay types referred to 
throughout this chapter. 


3. A-C Generators 


Most a-c generators above 1000 kva and many smaller 
machines are equipped with differential protection ar- 
ranged to trip if the currents at the two ends of each phase 
winding differ. This scheme is shown in Fig. 3. 

Smaller machines are sometimes operated without dif- 
ferential protection, but if paralleled with larger machines 


CURRENT TRANSFORMER 


PECENTAGE 
‘DIFFERENTIAL 
RELAY 


RESTRAINING 
WINDINGS 


OPERATING 
WINDING 


THREE PHASE A-G 
GENERATOR ‘ 


4 
TYPICAL PHASE ONLY SHOWN H 


Fig. 3—Connections for one phase using the percentage differ- Ps 
ential relay for generator protection. . 


i 
4 
2 

4 


or with a system, they may be arranged to trip off on 4; 
reversed flow of power into the machine. : 

For differential protection the Type CA normal-speed, 
induction, ratio-type relays are used in the large ma 
jority of cases, their speed (about 0.1 second relay time 02) 
severe faults) being adequate to prevent serious burning 
the iron in nearly all cases. However, a high-speed ge2- 
erator-differential relay, Type HA, is available providing 
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peycle protection and is being used with 100 per cent suc- 
ss in 2 number of important applications. 

The relay is usually arranged to trip the generator, field 
eircuit, and neutral circuit breakers (if any) simultaneously 
by 2 manuiuly-reset lockout relay in new installations. 

Frequently the relay also trips the throttle and admits 
(‘(Q: for fire prevention. For example it may be required to 
coordinate with other high speed relays or to reduce the 
shock to the systems. 

If a single-winding generator (or equivalent) is con- 
nected to a double bus through two breakers, a current 
transformer matching problem is introduced. The cur- 
ren transformers in the connections to the busses may 
carry large currents from one bus to the other in addition 
to the generator current. Thus, matching is not assured 
by identical current transformers as in the simpler case of 
ig. 3, and consequently, the Type HA relay is pre- 
ferred for this case because of its superior discriminating 
qualities. 

The Type CO relay is also used for generator differential 
protection. It provides straight differential protection, as 
contrasted with percentage differential, the diagram being 
the same as Fig. 3 without the restraining coils. Its setting 
must be considerably coarser than that of the CA relay be- 
cause there are no restraining coils to desensitize it when 
high through-fault currents are flowing. 

Double-Winding and Multiple-Winding Gener- 
ators—The differential protection scheme of Fig. 3 does 
not detect turn-to-turn short circuits within the winding 
because the entering and leaving currents of a phase re- 
main equal. Double and multiple winding machines pro- 
vide a means for obtaining such protection in the larger, 
more Important generators. The currents in the parallel 
branches, become unequal when turns are short circuited 
in one branch. The differential relays, Type CA or HA, 
can be arranged to detect shorted turns, grounds* or 
phase-to-phase faults, by placing one current transformer 
in the neutral end of one of the parallel windings, and one 
of double ratio at the line end in the combined circuit. The 
choice of schemes depends somewhat on the facility with 
which leads can be brought out and the necessity of over- 
lapping the generator breaker. With hydrogen cooling 
udditional leads can be brought out through the necessary 
gas-tight bushings only with considerable difficulty, and 
ustully there is no space for transformers inside the hydro- 
gen compartment. 

Effect of the Method of Grounding—The method 
ot grounding the generator neutral affects the protection 
wforded by differential relays. For example, if sufficient 
grounding impedance is used so that a ground fault at the 
senerator terminals draws full load current, then for a 
fault at the midpoint of the winding, where the normal 
voltage to ground is half as great, the fault current will be 
‘pproximately one-half the full load current. When a 
stound fault occurs 10 percent from the neutral end of the 
Winding, the fault current, being limited largely by the 
Reutral impedance, is about 10 percent of full load current. 

his corresponds to the sensitivity of a 10 percent differ- 
ential relay and, therefore, represents the limit of protee- 
tion for phase to ground faults with such a relay. For 

“With the same limitations as for a single winding generator. 
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lower impedance grounding the differential relay protects 
closer to the neutral. With higher impedance grounding, 
the limit of protection for ground faults is farther from 
the neutral end, and for an ungrounded machine, the 
differential protection is ineffective against ground faults. 
The protection afforded for phase-to-phase, double-phase- 
to-ground, or three-phase faults is relatively unaffected by 
the method of grounding. A complete discussion of the 
methods of grounding is given in Chap. 19. 

Solidly Grounded and Low Resistance or React- 
ance Grounded Machine—lIf{ the generator is solidly 
grounded, or grounded through a reactor or resistor, draw- 
ing at least full-load current for a ground fault at a line 
terminal, the usual 10 percent differential relay operates 
for practically any short circuit within the machine and 
for grounds to within 10 percent of the neutral, or closer 
if the ground current is higher. 

Ungrounded, and Potential-Transformer- 
Grounded Generators—arethosegrounded only through 
the natural capacitance from the metallically connected 
windings, buswork, and cables to ground. The potential 
transformer from neutral to ground, if properly appliedf, 
serves as a measuring device only. To insure that this is 
so, it must be liberally designed so that under no condition 
will its exciting current become appreciable compared with 
the charging current to ground. Otherwise, ferro-reso- 
nance may occur. Usually a full line-to-line rated trans- 
former will suffice. The potential transformer and a volt- 
age relay such as the SV (instantaneous) or CV (inverse 
time) may be used to initiate an alarm or optionally to 
trip. Or, on lower voltages, a static voltage unbalance 
indicator may be used connected directly to the primary 
circuit. Such an instrument is the Type G. These devices 
supplement the generator differential protection to provide 
indication or tripping for ground faults. Light resistance 
grounding as covered in the next section is generally pre- 
ferred to ungrounded operation. 

Light-Resistance-Grounded Generators — This 
scheme and an associated protective arrangement is il- 
lustrated in Fig. 29 of Chap. 19. Indication from a volt- 
age relay, connected in parallel with the resistor as shown, 
or from a current relay, such as the Type BG, connected 
in series with the resistor, may be used to sound an alarm 
or to trip, depending on the application. Combinations 
of sensitive alarm and coarser trip, or of alarm and time- 
delay trip, have also been used. The latter gives time 
to transfer the load to another machine at the hazard of 
operating with a fault on one phase. 

This scheme was designed primarily for the unit station 
arrangement in which a generator and step-up transformer 
are operated as a unit without an intervening bus. How- 
ever, it can also be used where an intervening bus carries 
the station service transformer and one or two short feeder 
cables. A limited amount of selectivity is possible by the 
use of a polarized relay, such as the CWP-1, which obtains 
most of its energy from a potential coil in parallel with the 
grounding resistor. Such a relay used in the station-service 
feed, for example, can detect a ground on that circuit. 

Field Protection—While a large number of machines 
still operate without any protective relays to function on 

{See also Light-Resistance-Grounded Generators. 
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loss of field, there is a trend to more general use of equip- 
ment for this purpose. On some systems where loss of 
field would cause serious low voltage and danger of in- 
stability but where the system is operated in a way which 
can tolerate the loss of one machine, automatic means are 
being provided to disconnect the machines on loss or par- 
tial loss of field. 

Fairly common is the use of a d-c under-voltage relay, 
a Type D-2 d’Arsonval relay in series with a resistor, con- 
nected across the slip rings for field short circuit detection; 
also a similar element across the field ammeter shunt for 
undercurrent or open field detection. These do not pro- 
vide complete protection, and there are a number of instal- 
lations of reactive power relays used at the generator 
terminals in conjunction with under voltage to trip for any 
field reduction which would cause serious low voltage. 

On many closely knit metropolitan systems loss of field 
has been found to be not serious if immediately corrected. 
The operator attempts to restore the field, the generator 
in the meantime operating at somewhat reduced load as 
an induction generator. If he cannot restore field within 
a few minutes, he must trip the line circuit breaker to avoid 
injurious rotor heating. 

Field Ground Detection—Some form of field ground 
detection is frequently provided. It is considered most 
important to detect the first ground because a second 
could short circuit part of the field winding causing un- 
balance and vibration which could wreck the machine. 
The a-ec scheme provides complete coverage for solid 
grounds. The d-c scheme gives nearly complete coverage, 
complete if the main field rheostat is varied. In some in- 
stances vibration detectors” are used if the machine is known 
to be operating with a ground on its field. This will trip 
the unit instantly in event a second ground occurs. The 
over-all protection scheme frequently includes armature 
and bearing temperature indication and sometimes alarms. 
Less frequently field temperature indications are provid- 
ed. The voltage regulators are sometimes equipped with 
over- and under-voltage protection, and, of course, over- 
speed protection is provided. 

In addition to the protection described, generators can 
be equipped with over- or under-voltage, frequency, over- 
speed, and loss of field, and temperature responsive 
devices, 


4. Transformer Protection 


Power-transformer protection in general includes over- 
load devices to protect the transformer and fault-detect- 
ing devices to protect the system and limit damage in 
event of fault in the transformer. 

In the first category is the thermal relay immersed in 
the transformer oil but energized from a current trans- 
former so that it responds to the copper temperature. 
This relay, obtainable only on new transformers, has 
alarm contacts to announce the approach of dangerous 
temperatures, and tripping contacts that close if an unsafe 
temperature is reached. 

Oil temperature indicators perform a somewhat similar 
function though less effectively. For large power trans- 
formers the order of magnitudes of copper and oil time- 
constants are 5 minutes and 7 hours respectively. Thus, 
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an emergency overload for a half hour could seriously 
damage the transformer without reaching an oil tempera. 
ture which might be reached daily after several hours of 
moderate load. The thermal relay responsive to copper 
temperature will permit the overload to be carried, if safe 
but will protect the transformer otherwise. : 

Fault-detecting relays include percentage and straight 
differential schemes similar to generator-protective re. 
lays but include provisions for the magnetizing inrush 
current and for transformer ratio and phase shift. Also 
transformers are often included with the transmission line 
into a single protective zone. This is particularly true of 
the smaller sizes such as network transformers. Many 
small power transformers (600-3000 kva) are provided 
with internal protective links that act like a single-opera- 
tion breaker as the fusible element whips through the oil 
in the top of the tank thereby disconnecting the trans- 
former in event of internal trouble. Others are fused to 
provide disconnection from the line in event of transformer © 
failure. 

A typical application of the CA relay to a star-delta con- 
nected transformer bank is shown in Fig. 4. Neglecting 


WINDINGS ~ 


Fig. 4—Differential protection of a grounded star-delta trans- : 


former bank with CA relays. Note that the current trans- 
formers are connected star on the delta side and delta on the 
star side, : 


exciting current, the top phase line current on the right 


hand side is made up of the difference of two transformer ? 
currents or the difference of the two top phase line cur- - 


rents on the left hand side. Consequently, it is compared 


with this difference current obtained by connecting the 


left hand current transformers in delta. These two cul : 


transformer bank, because of the magnetizing current. 


i 
rents are not exactly equal, even with a perfectly sound , 
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Magnetizing Inrush—While under steady operat- 
ing conditions, the magnetizing current amounts to only 
5 or 10 percent, it may rise to several times full load cur- 
rent when a transformer is first energized, and decay 
rather slowly from this value; that is, it may be as much 
gs full load current even a full second after the transformer 
is frst energized. This magnetizing inrush current is fully 
displaced and hence, contains a large d-c component.” 
The inrush current is greatest if the switch is closed at the 
gero point of the voltage wave. Its magnitude depends 
also on the residual excitation and on the leakage reactance 
in the supply circuit and transformer primary. Data for 
determining the value of the magnetizing inrush is given 
in Chap. 5. Ordinarily the residual flux density is low 
when the transformer is first energized. However, when a 
severe fault occurs near a transformer at a time when its 
flux density is maximum (voltage zero), and if the fault is 
interrupted an odd number of half cycles later, the residual 
flux at the instant of re-energizing may approach normal 
density. As this requires the fault to start and stop at 
zero voltage, it is seldom fully realized. 

The rate of decay of th. magnetizing inrush current 
depends on losses and is particularly slow when a large 
bank is paralleled with one already operating and quite 
near to a large generating station.” The d-c component, 
which flows at first over the supply circuit, transfers to a 
circulating current between the two transformer banks, 
and this dies out very slowly because of the high L/R ratio. 
For example, when the magnetizing current has dropped 
to 50 percent of fuli load in a 60-cycle transformer having 
0.25 percent primary resistance, the reactance to resist- 
ance ratio is 200/.25 or 800/1. The corresponding L/R 
ratio or time constant which determines the rate of decay 
of the d-e component is 2.1 seconds. 

The Type CA normal-speed differential relay most 
commonly used for transformer protection has a 50-per- 
cent differential characteristic and 2.5-ampere minimum 
trip. It is prevented from operating during the magne- 
tizing inrush by the large restraint, the inverse time char- 
acteristic, and the braking action of the direct current on 
the induction disc. It is found adequate in all but the 
extremely rare cases where one large bank is paralleled 
with another. 

When the differential relay cannot, because of its in- 
herent characteristics, avoid tripping on the magnetizing 
inrush, a timing device can be used, which desensitizes 
the protection during the timing interval by requiring a 
drop in voltage in addition to operation of the differential 
relay to produce tripping during the inrush period. This 
device, known as a magnetizing-inrush tripping suppres- 
Sor,’ is used primarily with high-speed differential relays 
or with pilot-wire relays when a transformer is included 
as a part of the line. 

High-speed transformer differential protection (Type 
HA relay) is required in certain circumstances to coordi- 
hate with other high-speed system protection, particularly 
Where stability is critical. It must be used svith the trip- 
Ping suppressor as outlined above. This unit is therefore 
built as an integral part of the Type HA transformer relay. 

Three-Winding Transformers are protected in the 
Same manner as two winding transformers except that the 
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THREE WINDING TRANSFORMER 


TYPE CA-4 RELAY 


OPERATING WINDING 


RESTRAINING WINDING 


Fig. 5—Single line diagram showing the arrangement of cir- 
cuits when using the CA-4 relay for the differential protection 
of a three-winding power transformer. 


Type CA-4 relay for this purpose has three restraining 
coils to be associated with the three transformer windings 
as shown in Fig. 5. 

Regulating Transformers—Regulating transformers 
for voltage and phase-angle control constitute a special 
problem because of the change in ratio taps during opera- 
tion. Figure 6 illustrates the most modern differential re- 
lay protection for such a unit. A Type CAM relay, Fig. 
2(p), having one disk and two electromagnets is arranged 
to trip if the current in the shunt-exciting winding of the 
regulator greatly exceeds the proper proportion of the 
series-line current. For example with a+10 percent volt- 
age regulator, a typical relay would operate for any cur- 
rent in the shunt winding greater than 11.5 percent of the 
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Fig. 6—Typical large regulating transformer protection. 
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line current. This provides sensitive protection for the 
shunt transformer. In addition normal two-winding trans- 
former-differential protection is applied around the entire 
unit, providing overlapping protection with the bus and 
line protection and guarding the series transformer. It is 
difficult to provide complete protection to the series trans- 
former and tapped regulating windings. Optimum use is 
made of ground protection, for example as shown in Fig. 6. 
However, the possibilities of this protection vary with the 
arrangement of windings and whether grounded or not. 

Remote Trip for Transformer Faults—Because of 
the high record of reliability of large power transformers, a 
circuit breaker between the high-voltage side of the trans- 
former and the line frequently cannot be justified, purely 
for protection of the transformer, and the transformer is 
very little hazard to the line. However, an intermediate 
measure costing much less than the high-voltage circuit 
breaker is frequently provided to trip the remote circuit 
breaker (or breakers) necessary to clear in the event of a 
transformer fault. The transformer differential relay is 
sometimes used to initiate a remote trip signal over a car- 
rier or pilot wire channel, particularly if the channel is 
already available for some other purpose. Another meth- 
od is to close a fast spring-operated high-voltage grounding 
switch in response to the relay indication. This trips the 
ground relays at. the other terminals of the line, at the ex- 
pense of some added shock to the system. 


5. Bus Protection 


The advantages of bus protection in clearing faults 
rapidly from a system are well recognized by the industry 
and the provision of relay protection for major station 
busses has been standard practice for a number of years. 
The problems involved in such protection are also quite 
well known. One of the principal problems is the satura- 
tion of current transformers by the d-c transient compo- 
nent of the short-circuit current as in Fig. 7. In severe 


a CORRECT VALUE OF SECONDARY CURRENT 
E w 150) UF CORE DID NOT SATURATE) 
2 & 100 
8S | 
wa 50 
- | 
_ fe} 
J 
= $-50 pM Aa 
E«< ACTUAL SECONDARY CURRENT 
wt 100) 
az 
ig 
uh e 50 
“5 | 
ad g 


Fig. 7—False differential current caused by d-c saturation of 

current transformers during the condition of an asymmetri- 

cal short circuit. The d-c time constant for the case shown is 

0.14 sec. The incoming transformers are assumed not to sat- 

urate. Thus the error current of the outgoing transformer is 
the differential current through the relay. 


cases the d-c transient component may require 100 times 
as much flux capacity in the transformer as is required by 
the a-c component to completely prevent saturation. 
There are a number of successful solutions to this prob- 
lem, as well as the fault-bus scheme,"* which completely 
avoids it. One is the use of large current transformers 
which will not be saturated by the d-c component. These 
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are used in the simple differential scheme, Fig. 10(a), With 
low-resistance leads to minimize the current transforme, 
requirements. The formula specifying the requirement of 
iron cross section, turns and lead resistance for nonsatuy 
tion’® is: 


E 
“24.44 IT 
4.44 


where T is the short-circuit current d-c time constant jp 


cycles. J, is the a-c exciting current in the secondary, ge. : 


lected as the threshold of saturation. It would be taken 
as less than the relay setting by a suitable factor of safety, 

E, is the required secondary rms, a-c voltage corre. 
sponding to J, on the a-c saturation curve of the current 
transformer. This determines the needed iron cross sec. 
tion and turns, or the iron if turns are fixed. 

I is the crest value of symmetrical subtransient current, 
secondary amperes. 


F is the secondary circuit resistance in ohms, including 


the transformer winding and leads up to the relay (or 
point at which all current transformers are paralleled.) 
The a-c flux is neglected. It is usually relatively small 
as the ratio of maximum d-c flux to a-c flux is 27T or 37.7 
for a 6-cycle d-c time constant. 
For R=0.5 ohm, 7=100 amperes, 7=6 cycles, and 


taking 7, as one ampere, in considering a 5-ampere relay . 


setting, EH, becomes 1332 volts. A current transformer 


which would generate this voltage at 1.0 ampere exciting | 


current is very large. Thus, this is a bull-by-the-horngs 


solution, and the size, weight, and cost can be afforded only — 
However, it does . 


in the most important installations. 
provide the possibility of instantaneous tripping without 
any time delay. 

A method has been developed for calculating with 
reasonable pngineering accuracy, the time-to-saturate with 
offset currents, and the time and current settings required 
to prevent misoperation with time-delay overcurrent re- 
lays and usual current transformers. 

Induction Type Overcurrent Relays—On busses 
of moderate time constant, say 0.1 second or Jess, and with 
somewhat better than average current transformers, satis- 
factory protection can be obtained with a straight differ- 


ential scheme, Fig. 8, using a fast induction element. A ~ 
small ratio of maximum to minimum fault is favorable to - 


this application. Relaying times of the order of 3 or 4 


cycles for maximum faults and up to 8 or 12 cycles on ° 


minimum faults can be obtained in some cases. As men- 
tioned, the performance can be predieted.!1® However, 


the time delays involved in less favorable cases are fre- %§ 
quently so long as to point the need of a better solu- 4 


tion. 


Even on substation busses having a d-c time constant 4 


as short as 0.01 second, false tripping has been experienced 


with 300/5 bushing current transformers and standard @ 
induction relays in the connection of Fig. 8, with 4 ampere "§ 
tap, 0.5 time lever, giving 0.15 second time at 10 times tap, & 
and with a fault current of 13 000 amperes. While this has i 
been overcome by changing to 1200/5 current transform- 
ers, nevertheless present practice would be to install ratio- @ 
differential relays in these cases, providing both greater 4 


sensitivity and greater safety factor. 
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Fig. 8—Bus-differential-current relay scheme. 
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Multirestraint Ratio Differential Relays—Relays" 
have been developed which will not operate falsely even 
when used with normal sized current transformers which 
saturate due to the d-c component of current. These are 
multirestraint relays, connected as in Fig. 9; however, their 
success is due also to exploitation of variable percentage 
characteristics, and the tendency of the d-c component to 
brake, rather than drive, the induction disk. 

No small part of this development is the reduction of 
the operating limits to a few simple rules which insure safe 
application. This relay scheme provides operation gen- 
erally in from three to six cycles and can be set as low as 
one percent of the maximum through-fault current. 

Linear Coupler Scheme—The multirestraint relays 
just described may, of course, be used when the setting 
does not need to be as low as one percent of the maxi- 
mum-through-fault current. However, on busses where a 
setting of four percent or more of the maximum through- 
fault provides the requisite sensitivity, a simpler and faster 
scheme (one cycle) can be used known as linear-coupler 
bus protection.2427. The linear coupler is an air-core mu- 
tual inductance used directly in the primary circuit in the 
same manner as @ current transformer except that the 
secondaries are usually connected in series, as shown in 
; ig. 10, instead of in parallel as are current transformers, 
Ng. 8, 

The secondary induced voltages are proportional to the 
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Fig. 9—Protection of a six-circuit bus using two multi-re- 
straint relays per phase. 
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primary currents, a ratio of five volts per 1000 amperes 
being commonly used. These voltages, which add up to 
zero for through faults:und to a value proportional to the 
fault current for internal faults are joined in a series loop 
to the relay as shown in Fig. 10. The+1 percent tolerance 
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Fig. 10—Linear-coupler bus-protection scheme. 


within which the mutual inductances are held commer- 
cially, limits the maximum possible false differential to 2 
percent. Thus the minimum setting of 4 percent allows a 
2:1 factor of safety. Solenoid elements, Fig. 2(a), are used 
for settings down to about 1500 amperes on a 6-circuit bus, 
and polar elements, Fig. 2(7), with saturating transformer 
and Rectox for lower settings. 

Impedance Schemes—Busses having reactors in a 
majority of the feeders and possibly in the bus-tie circuits 
provide the possibility of protection by impedance re- 
lays. Impedance or modified-impedance elements can 
be used, see Fig. 2, (¢) and (4). For a fault on the bus, the 
maximum impedance measured is that of the are which is 
taken as about 300 to 500 volts per foot for current above 
500 amperes. Considering the possible arc length during 
the first few cycles of fault, a maximum arc voltage can be 
computed and this, divided by the minimum fault current 
gives the greatest fault impedance encountered for in- 
ternal faults, that is, for faults on the protected bus. Pro- 
vided this impedance is smaller than the impedance from 
the relay to a fault anywhere beyond the reactors, a basis 
of discrimination exists and the impedance scheme can be 
used. . 

Two relay arrangements are used. When the bus tie 
circuits include reactors, separate impedance relays can 
be used on each generator or transformer feed to the bus, 
operation of any of which will trip the bus. This arrange- 
ment is most feasible when the generators and transformers 
are matched, acting as a unit, and the generators on the bus 
are either high and low pressure units of a single combina- 
tion or are treated as a single generator. The other ar- 
rangement requires totalizing all of the main feeds to the 
bus and the use of a single set of impedance relays. The 
grouped main sources provide the possibility of a large 
false differential current for through faults on one of these 
main circuits. The voltage is also low under this condition 
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if the source circuits are not equipped with reactors. 
Usually a fast induction relay, Fig. 2(d), is used together 
with adequate current transformers in the main feeds so 
that it will not operate for through faults on those feeders, 
Combined impedance and fast-induction-element opera- 
tion is then required to trip the bus. 

Directional relays can be used in a variety of ways, 
either as the basic protection, tripping when fault current 
flows into and not out of the bus,* or as an adjunct for 
determining which of several bus sections included within a 
common differential protective zone is in trouble.™ 

Fault Bus—For new and certain existing segregated 
phase busses, the fault-bus scheme""* provides a distinctly 
different mode of attack to the bus protection problem, 
All metal parts to which the bus may flash are connected 
together and grounded through a current transformer and 
relay. This construction lends itself particularly well to 
metal-clad switch-gear. The entire cubicle or switchhouse 
is insulated from ground except for the ground connection 
through the current transformer The simplicity of this 
scheme is strongly in its favor where the construction per- 
mits its use. However, it is sometimes difficult to secure 
overlapping protection with the adjacent system elements. 

Summary of Bus Protection—While personal pref- 
crence, experience, and factors peculiar to a particular 
installation play a large part, some of the general factors 
that lead to the selection of one or the other of the several 
schemes are described below. One-cycle operation, sim- 
plicity, and savings in cable costs, as compared with the 
multirestraint scheme, are favorable to linear couplers. 

Quite adequate speed (8-6 cycles), the use of existing 
current transformers, the use of current transformers 
which can be used for certain other purposes also (such as 
back-up protection), simple application rules, and ability 
to set for minimum faults one percent of maximum- 
through-fault sometimes eliminating need of separate 
ground relay, are all favorable to the multirestraint sys- 
tem. 

Existence of reactors and the cost or difficulty which 
would otherwise be involved of installing current trans- 
formers on all feeders, favors impedance schemes. 

The fault-bus scheme is limited to cases where the struc- 
ture can be insulated from ground, but in these cases its 
simplicity is favorable. 

Simple time-delay over current frequently involves ex- 
cessive delay, but if used with ordinary current trans- 
formers, it may be lowest in cost. 

The directional schemes are used to good advantage by 
some and have the advantage of securing fast operation 
with ordinary current transformers, but are considered less 
favorably by others because of the number of contacts to 
be co-ordinated for correct operation. 

In most cases, spring-operated, manually-reset auxiliary 
tripping relays are used, unlatched electrically by the main 
differential relays. These trip the necessary circuit 
breakers and provide lockout. 


6. Transmission Line Protection 


As systems have grown in extent and complication, from 
the simple radial systems of the early 1900’s to the looped 
and interconnected systems of the present, the task imposed 
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a 
on the protective relay has become increasingly more diff. ; 
cult. However, developments in the protective relaying art { 
have kept pace with the requirements. Through the intro: * 
duction of improved relaying principles and better use of : 
the old principles, high-speed action can be obtained on the ! 
complicated systems of today with better overall resultg | 
than that previously possible on the simple radial systems, ‘ 


Starting with the induction-type overload and reverse. i 


load relay in about 1901, which used power for discrimina. *: 


tion, the directional overcurrent relay with inverse-time “ 
characteristics was introduced in 1910. Later, in 1914, the © 
definite minimum time characteristic was added. This sim... 
plified the relay coordination problem and is still used in | 
the greater proportion of overcurrent relays today. The ‘ 


first impedance-, or distance-measuring relay, the type CZ, 
was tntroduced in 1922. 

Shortly after this the importance of speed in fault clear. 
ing, particularly with inter-connected systems, was begin- 


ning to receive merited attention and in 1929 the high © 


speed impedance relay, type HZ, operating in one cycle 
and using the balance beam principle, was introduced®, At 
about the same time, circuit breaker operating times were 
lowered from about 24 cycles to 8 cycles. 

The reductions of overall fault clearing times that could 
be realized by these progressive changes in the art® are 
shown in Fig. 11.4 Starting with times up to 2 seconds for 
the slow-speed relays and 24 cycle breakers, the change to 


high-speed relays brought the time down to about 27 cycles * 


with about one second in the end zones. 


Ae 


Decreasing the circuit-breaker operating time to 8 cycles 


further lowered the overall clearing time to 8 to 10 cycles 
for about 80 percent of the line length but left times of 
about 27 cycles in the end zones. 

In about 1935 carrier current relaying passed out of the 
experimental staged! 52554 and reached general acceptance, 


making available uniform high speed action throughout : 
the entire section. Shortly later, in 1938, the Type HCB © 
relay * based on symmetrical component principles made .: 
one-cycle operation practical over two a-c pilot wires. | 
Summarizing, and referring to Fig 11, with 8 cycle break- | 
ers the total clearing time is under 0.2 seconds for pilot- «, 


Wire or carrier current relaying, 0.2 seconds (with 0.5 sec- : 
onds for the end zones) for high speed distance relaying « 
and 0.2 to 2.0 seconds or longer for overcurrent protection, & 


depending on the layout. 


24-CYCLE BREAKERS 
INDUCTION TYPE RELAYS 


HIGH-SPEED OISTANCE RELAYS 
CARRIER PILOT RELAYS 
24-CYCLE BREAKERS 

8-CYCLE BREAKERS 


20 30 40 50 60 70 80 
PER CENT OF DISTANCE 


90 


Fig. 11—Reduction of fault clearing time obtainable throug J 
the use of higher speed circuit breakers and relays. ‘ 
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Fig. 12—Composite power system illustrating typical protective problems and their solution. 


A cross section view of the industry today shows all of 
these relay and circuit breaker types and speeds to be in 
current operation. Although speeds of new oil circuit 
breakers appear to have stabilized at 8 cycles except for 
special cases, there appear to be distinct fields for both nor- 
mal-speed and high-speed relays. 


7. Protection of a Typical System 


_A composite diagram showing the typical transmission 
line conditions in many of the large systems is given in Fig. 
12. For example the main transmission lines are shown as 
220-kv, although they may be from 66 to 287-kv, bringing 
In power from a remote hydro plant or interconnecting with 
an adjacent system. These lines are equipped with the 
finest and fastest protection, high-speed distance, or car- 
Ner-pilot relays.** Balanced-line protection® may also be 
used if the lines are paired although high-speed distance or 
carrier relays are required to secure fast operation with one 
line out of service. 

The 33-kv circuits, often looped or interconnected, carry 
bulk power out through the territory served by the partic- 


ular utility, to substations in the various towns and com- 
munities. A looped 33-ky circuit may use directional over- 
current relays, Type CR, set with selectively higher time 
settings each way around the loop, as shown in Fig. 12. 
Impedance relays, preferably the step-type HZ, or alter- 
natively the normal-speed impedance relays, Type CZ, 
may be used as in the 33-kv loop on the right. Impedance 
relays are particularly desirable if interconnections are con- 
templated as shown dotted. Loops involving short lines of 
33- or 13.8-kv lend themSelves well to pilot wire protec- 
tion®® as in the center right. 

Induction-type overcurrent relays, usually with instan- 
taneous trip attachments for operation at the higher cur- 
rents, will be found on a majority of the radial feeders and 
4-kv or 2.3-kv primaries. Network feeders are cleared at 
the load end by the network relays, essentially a reverse 
power form of protection. 


8. Relay Symbols 


Relay symbols are useful in illustrating the form of pro- 
tection used for each element of asystem. With modifying 
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notations as to relay types and settings, these symbols 
compress the otherwise complicated picture of complete 
system protection into a form that can be readily visual- 
ized. The standard symbols are given in Table 3. Their 
use has been illustrated in Fig. 12. 


TABLE 3—RELAY SYMBOLS 


(a) SYMBOLS FROM THE ASA STANDARDS. 
OVERCURRENT 


OVERVOLTAGE 
UNDERVOLTAGE 
DISTANCE 


DIRECTIONAL DISTANCE 
POWER DIRECTIONAL 


OVER FREQUENCY 
UNDER FREQUENCY 
OVER TEMPERATURE 
BALANCED PHASE 


PILOT WIRE (CURRENT 
DIFFERENTIAL ) 


PILOT WIRE (OIRECTIONAL 
COMPARISON ) 


CARRIER PILOT 


Where the operation of a reloy is conditional upon the flow of ground 
current (residual or zero sequence) this shall be indicated by prefixing 
the ground symbol thus:~ 

Residual Overcurrent -ke—— Directional Residual Overcurrent «i}-—» 


Other prefixes such as (P) and (N) to indicate operation on positive 
or negative phose sequence quantities, and suffixes to indicote the 
reloy types, inclusion of instantaneous trip attachments, etc. may be 
added at the discretion of the user. 

(b) FREQUENTLY USED VARIATIONS OF THE STANDARD SYMBOLS. 
OVERCURRENT GROUND WITH INSTANTANEOUS ATTACHMENT |: 


GROUND DIRECTIONAL WITH INSTANTANEOUS ATTACHMENT 
DIRECTIONALLY CONTROLLED 


POWER DIRECTIONAL WITH INSTANTANEOUS ATTACHMENT 


DIRECTIONALLY CONTROLLED 
BUS CURRENT DIFFERENTIAL 
BUS GROUND DIFFERENTIAL 


9. Fault Frequency and Distribution 


About 300 disturbances (or one per ten miles) occurred 
per year in a typical system operating 3000 miles of 110-kv 
circuit. This system used mostly overcurrent and direc- 
tional relays, and in a 4-year period experienced 2800 relay 
operations of which 


92.2 percent were correct and desired 
5.3 percent were correct but undesired 
2.1 percent were wrong tripping operations 
0.4 percent were failure to trip 


The faults were as follows: 


Lightning 56 percent 
Sleet, Wind, Jumping Conductors 11 percent 


Apparatus Failure 11 percent 
Close-in on Fault 11 percent 
Miscellaneous 11 percent 
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Relative Number of different kinds of faults— 
The relative numbers of different types of faults vary Wide. 
ly with such factors as relative insulation to ground and. 
between phases, circuit configuration, the use of groung 
wires, voltage class, method of grounding, speed of fault 


clearing, isokeraunic level*, atmospheric conditions, qual. 
ity of construction and local conditions. Thus the figureg - 


given below serve merely to indicate the order of preva. 


lence and emphasize that there are usually a great many | 


more line-to-ground faults than faults of other types. 


Three-Phase Faults 5 percent 
‘Two-Line-to-Ground Faults 10 percent 
Line-to-Line Faults 15 percent 
Line-to-Ground Faults 70 percent 


Total 100 percent 
10. Overcurrent Protection 


The general plan of coordination with overcurrent relays 


on a radial system is shown in Fig. 13. The time shown in _ 


each case is the fastest operating time for a fault at the lo- 
cation of the next device in sequence. At lighter generat- 
ing capacity the fault currents are reduced and all operat- 


‘ CO-0.5 See. 
CO-0.5 Sec. = 
CO-1.0 See.gn Spf Load 


perder 
: 

SC Inst 
Fig. 13—Coordination of overcurrent protection on a radial 


power system. 


ing times increase, but because of the inverse time charac- 


teristics of the relay the margins between successive relays - 


also increase. 

Relays used with feeder circuit breakers must be coor- 
dinated with fuses of distribution transformers and with 
the main and branch line sectionalizing fuses. Several 
characteristic curve shapes are available in different de- 
signs of the induction-type overcurrent relays as illustrated 
in Fig. 14. These provide latitude in selecting the relay 


that coordinates best with the fuse curves at the current - if 


involved. 

The definite minimum time characteristic provides 4 
ready means for coordinating several relays in series with 
only an approximate knowledge of the maximum current, 


and results in relatively small increase in the relay time a8 2 


the fault current is lowered. It is used in the majority of 


overcurrent relay applications. The inverse and very 1D, 
verse characteristics are sometimes more favorable where . 
close coordination with fuses is required. They also make 


it possible to take advantage of the reduction of maximum @ 


fault current as distance from the power source increases: ¥ 
Several relays in series can be set for the same time for 


*Number of storm-days per year 


Chapter 11 


Time in Seconds 


500 
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1000 


Percent of Pick Up Current 


Fig. 14—-Characteristics of various induction type overcurrent relays. 


(a) Type COH. 
(b) Very inverse-low energy relay, Type CO. 


faults immediately beyond the relay and still provide the 
requisite 0.25 second or more margin for fault beyond the 
next relay because of the lower current value for fault in 
that location. For example the timing on curve (b), Fig. 
14, doubles when the current is reduced from 700 percent 
to 400 percent of pick-up value. Several settings of 0.3 sec- 
ond at 700 percent could be used in series, while still having 
0.3 second margin between successive relays if the fault 
current dropped in the ratio 7 to 4 between successive loca- 
tions. 

The choice of relays is also influenced in certain cases by 
us lower burden of the “low energy” and “very inverse” 
ypes. 


11. Normal-Speed Impedance Relay* 


The time-distance tripping characteristic of the Type 
CZ normal-speed directional distance relay is illustrated in 
Fig. 15, which shows a number of line sections in series. 
This may equally well be a loop, the two ends of the section 
Shown being at the same supply point. The tripping time 
of the relay increases in direct proportion to the distance 
from the relay to the fault, except that the minimum time 
's about 14 second for a fault at the relay. Each relay is 

*The trend is toward the high-speed impedance relay described in 
Sec. 12 even for intermediate voltage transmission lines. 


(c) Inverse-low energy relay, Type CO. 
(d) Standard, definite minimum time, Type CO relay. 


Trip Time for Bkr. #1 


~+Time~ 


Distance—> 


Fig. 15—Time-distance curves of the Type CZ relay. The slope 

of the curve is changed by varying the resistance in series with 

the potential coil. The minimum operating time with zero 
voltage on the relay is about % sec. 


adjusted to trip in approximately 34 second for a fault at 
the next bus, except as will be noted. 

It is essential that for a fault near bus 4, breaker No. 3 
be tripped in preference to breaker No. 1. Thus the oper- 
ating time of relay No. 1 must exceed that of relay No. 3 
for fault at location No. 4 by one circuit breaker operating 
time plus margin. For 8-cycle breakers a reasonable break- 
er time plus margin is 0.4 second. 
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The operating time for faults anywhere on the system 
can be readily determined by drawing the straight lines 
representing the relay times, using whichever criterion 
rules in each case; that is, 0.75 second at the next bus or 0.4 
second above the next relay at the second bus. The partic- 
ular time values mentioned are typical only. The relay 
tripping time is independent of current magnitude once the 
overcurrent setting has been exceeded and timing thereby 
initiated. Thus variations in the amount and location of 
connected generating capacity, or switching lines out, does 
not materially affect the coordination of the distance type 
relays over the remainder of the system. 

The normal-speed type CZ relay is not usually employed 
on fines shorter than those in which at least 5 volts sec- 
ondary result at the relay for a fault at the other end of the 
line. As the relay is normally subjected to full voltage and 
must discriminate on values between zero and that for a 
fault at the other end of the line, the operating forces ap- 
proach the frictional forces below this limit. 


12. High-Speed Impedance Relays, HZ and HZM 


The high-speed distance type relay has the step type 
time-distance characteristic illustrated in Fig. 16, obtained 


TRIP TIME FOR 
BREAKER 


NUMBER iN 


TRIP TIME FOR 
BREAKER 
NUMBER 2 


Fig. 16—-Time-distance curves of the Type HZ step type, high 
speed distance relay. When carrier current is added the time 
is reduced to that shown dotted. 


Oe 


Fig. 17—Contact circuit for producing the stepped time-dis- 
tance characteristic shown in Fig. 14. 
4,—First Zone Impedance Element Contact. 
4,—Second Zone Impedance Element Contact. 
Zs—Third Zone Impedance Element Contact. 
T2, Ts, timer contacts having separately adjustable time settings. 
D—Directional element contact. 


by separate directional, impedance, and timing elements 
with contacts connected as shown in Fig. 17. There are a 
total of three balance-beam type impedance elements, each 
arranged with a current operating winding at one end of 
the beam and a voltage restraining winding at the other. 
When the ratio of voltage to current falls below the im- 
pedance setting of the relay high-speed action closes the 
contacts. 

The impedance elements Z:, Z2, and Z3 are set for suc- 
cessively greater distances. The directional element closes 
only for faults in the desired tripping direction from the 
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relay. The third-zone impedance element, which Operates * 
when either of the other two elements operate, is used to | 
start the timer that closes first a second-zone timing cop. | 
tact T2, and later a third-zone timing contact, 7's. 

Thus for a fault in the first 90 percent of the section. ° 
known as zone 1, the contacts D and Z, operate, giving in. 
mediate high-speed tripping in one to three cycles, as indj- 
cated in the timing chart of Fig. 16. While the other ele. 
ments also operate their action in zone | is unimportant 
because the circuit breaker has already been tripped. Thug 
in zone | the tripping time is that of elements Z; and D. 

For the second zone, which extends approximately to the 
middle of the next section, contacts D, Z: and T¢ in Serieg 
do the tripping, provided the fault lasts for the time setting 
T.. If the fault is in the next section it will be cleared by 
the proper breaker in advance of 72 operation, although 
back-up protection is provided by the second zone setting 
extending into the next section. This also provides opera- 
tion for bus faults if they are not previously cleared by bus- 
protective relays. 

The third zone, corresponding to tripping through the 
contacts of elements D, Z;, and 73, completely overlaps the 
next section, providing complete back-up protection. It 
must of course be timed selectively with the 72 timing of 
the next section. 

The flexibility of this arrangement in molding its char- 
acteristic to various section lengths and breaker and relay 
times is apparent. The highly successful operation of sev- 
eral thousand such relays in service indicates that for prac- 
tical systems, which of course depart in many ways from 
the simple ideal case represented in Fig. 16, the flexibility 
is sufficient to secure in general the operation outlined. 

For good operation the line should be electrically long 
enough so that there will be at least 5 percent voltage at 
the relay for a fault at the next bus, although in special 
cases successful operation can be obtained somewhat below 
this limit. 

In some cases the CZ characteristic lends itself better to 
coordination with other back-up protection, but the high 
speed of the Type HZ first-zone element is desired. For 
this purpose these two elements have been combined and 
make available the time-distance curve shown in Fig. 18. 


Trip Time 
for Bkr. #1 


+Time-» 


HZ Element 


Distance 


Fig. 18—Typical time-distance characteristics of the HCZ re-- : 
lay. Note the slope of the CZ element necessary for different % 
length sections to secure selectivity. 


Modified Impedance Relay, Type HZM.*' The operat- | 
ing characteristic of the standard type HZ impedance relay 
is nearly independent of the phase angle between current @ 
and voltage. That is its “reach”-vs.-angle characteristic 18 
a circle centered at the origin as shown in Fig. 19. This 3 
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Fig. 19—Modified-impedance characteristics provides im- 
proved selectivity between heavy load swings and line faults. 


characteristic provides adequate discrimination between 
load and faults in a majority of cases. However, increased 
use is being made of the Type HZM relay having the modi- 
fied-impedance characteristics shown in Fig. 2(k) for the 
protection of long or heavily-loaded lines. It is necessary 
that the relays permit the maximum expected steady or 
swing loads without tripping. On long or heavily-loaded 
lines, and especially if high-speed reclosing is used, it be- 
comes more and more difficult for the relays to distinguish 
between heavy swing loads and fault conditions. The 
modified-impedance relays provide the improved discrimi- 
nation necessary in these cases. 

Their operation can best be shown by plotting on a sin- 
gle diagram the impedances corresponding to three things. 

1. Faults on the protected line. 
2. Heavy load swing conditions. 
3. The relay characteristics. 

These are shown for a simple case in Figure 19. Con- 
sidering the simplified case of a two-machine system with 
all impedances having the same R/X ratio, let the system 
Impedance be laid out on a resistance-reactance chart as 
the line OABO’ representing the impedance from one ma- 
chine to the other. The transmission line being studied is a 
lie-line constituting the section 4B, shown heavy, of this 
total impedance. If R and X axes are drawn through A, 
is shown, the impedance with respect to these co-ordinate 
&xes are those seen by the relays at A. Thus, the locus of 
impedances seen by the relay at A for a solid fault on the 
protected line consists of the line A-B, having impedances 
from zero up to the full line impedance. 

It can be shown that if the generator voltages at the two 
ends of the system are equal in magnitude and are at first 
'n phase, then are moved out-of-phase, resulting in load 
transfer over the line A-B, the impedance locus viewed 
from A is along the line Z-L’. That is, the impedance seen 
by a relay at A, for the load condition, is the impedance 
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vector drawn from the origin, A, to a point on the line 
L-L’. This line bisects O-O’ perpendicularly. The no-load 
points, corresponding to zero angle between machines are 
at infinity either way along L-L’, whereas the 180 degree 
out-of-phase condition is at the intersection, C. All inter- 
mediate loads are somewhere along the line L-L’, the point 
LE corresponding to power flow A to B and point L’ to 
power flow from B to A. 

The large circle with center at the origin, A, represents a 
pure impedance characteristic, as in Fig. 2(¢). The smaller 
circle having the same “reach” beyond B is a modified im- 
pedance characteristic, Fig. 2(k). It can equally well trip 
for all faults on the protected line but is less likely to trip 
for very heavy loads or load swings. Successively heavier 
loads are represented by progressing through points L, D, 
and EF along the load locus. The modified characteristic 
taken with directional element, trips for faults or loads in 
the cross-hatched area Ff’, while the pure impedance ele- 
ment trips also in the areas G and G’. Thus the modified 
characteristic permits heavier loads without tripping. 

When carrier relaying is used so that tripping requires 
closure of the relay at each end of the line, the small circle, 
for the relay at A can be advantageously shifted further to 
the right, so that the combined action of this relay and its 
mate at the other end of the line limits carrier tripping to 
the restricted zone between the two arcs at H and H’. The 
back-up protection must be given sufficient timing to ride 
through swings or eliminated entirely except for a high-set, 
long-time element. 

The modified impedance element provides for indepen- 
dent adjustment of the radius of the circle and the location 
of the center as shown in Fig. 2(k) and hence makes pos- 
sible the superior discriminating characteristics needed for 
long or heavily-loaded lines as outlined before. 


13. Carrier Pilot Relaying 


A pilot channel such as that obtainable by carrier cur- 
rent over the power circuit, or by a microwave beam, pro- 
vides the possibility of simultaneous high speed tripping of 
both circuit breakers in one to three cycles for faults 
throughout the entire section. The significance of fault- 
clearing speed on system stability is treated fully in Chap. 
13. However there are, altogether, a number of reasons 
why carrier-current relaying has been employed in prefer- 
ence to other systems. These are: 


1. Stability—Simultaneous clearing improves system stability 
and increases the loads that can be safely carried over 
parallel interconnecting lines. 

2. Quick Reclosing®=—Simultaneous tripping is essential to 
fast reclosing, the combination being particularly effective 
in increasing stability with single tie lines. 

3. Shock to System—System shock, evidenced by voltage dips 
and dropping of synchronous load is lessened by fast 
clearing. 

4, System Design Fleribility—Desirable system arrangements 
that can not be relayed with sufficient speeds otherwise, are 
possible with carrier relaying. 

5. Growth of Faults—The more serious three-phase and dou- 
ble-ground faults generally originate as line-to-line or single- 
ground and with sufficient speed of clearing the spreading 
to other phases is greatly reduced. 

6. Ground Relaying Improved—On systems where high-speed 
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ground relaying is not feasible otherwise, carrier pilot re- 
laying provides an ideal solution. 

7. Out-of-Synchronism*—The carrier channel provides means 
for preventing operation of protective relays by power 
swings or out-of-synchronism conditions, yet clearing 
faults during such conditions. 

8. Simultaneous Faults—The added basis for discrimination 
makes possible superior relay performance under simultane- 
ously occurring faults. 

9, Joint Use—From an economic point of view joint use of the 
carrier channel for point-to-point communication, or for 
control or remote metering, may indicate the use of carrier 
pilot where the relaying requirements alone do not justify it. 

Carrier relaying operates on the principle of tripping 
quickly all terminals through which power flows into a line 
provided fault power does not flow out at any other ter- 
minal. If fault power flows out at any terminal, that ter- 
minal continues to transmit a straight telegraphic carrier 
signal over the line, which is picked up by all other termin- 
als on that particular line and prevents tripping. No time 
delay is necessary for internal faults since tripping for ex- 
ternal faults can be prevented by the carrier signal. Since 
carrier is not transmitted for internal faults, the short cir- 
cuiting of the carrier channel by the fault is of no conse- 
quence. 

Directional Comparison System—tThe type HZ or 
HZM directional comparison system utilizes the stepped 
impedance elements, Fig. 2(z) or (x), as its basic actuating 
elements, (see section on High-Speed Impedance Relay). 


*Can also be accomplished without carrier,3? with some differences. 
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Corresponding second and third zone ground over-current * 
elements, Fig. 2(b), are provided. The carrier control hag a 
the net effect of eliminating all second-zone time delay foy . 
faults within the protected section. This is accomplisheg — 
by closing of the contact RA, Fig. 17, whenever a fault is | 
present and carrier is stopped because the direction of flow = 
is “inward” at each end of the line. 4 

The mechanism is indicated generally in Fig. 20. Occur. * 
rence of a fault anywhere within reach of the third zone re. - 
lays, closes Z; starting carrier and setting up a circuit go 
that the receiver relay will close if carrier is removed by ° 
some other action. If the fault is internal, D and Z. close, 
stopping carrier transmission from either end of the line, 
The receiver relays, RR, immediately complete the trip 
circuit. If the contact circuit RR is opened manually the 
carrier can be cut out and a stepped-distance relay scheme 
remains. Thus the carrier is thought of as simply eliminat- 
ing the time delay in the end zones, indicated by the shad- 
ed areas in Figure 16. The stepped-distance elements and 
an inverse-time ground current element provide the back- 
up protection in this system. 

Phase Comparison Systern—The phase comparison 
system differs functionally in that the current directions 
or phases at the two ends of the line are compared rather 
than the power directions. Networks are used to derive a 
single-phase function of the line currents as in the pilot- 
wire relay. This function may be referred to simply as the 
“current” at each end of the line since it is a measure of the 
several phase currents. 


Soha se 
L-START--5 


Fig. 20—Carrier current relay system including relays, carrier current transmitter-receivers, coupling capacitors, and chokes. 


Dotted lines indicate symbolically the carrier controls 
MO—Master Oscillator REC—Receiver 
PA—Power Amplifier LTU—Line Tuning Unit 
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If the currents at the two ends of the line are in phase 
and of fault magnitude, carrier is transmitted on alternate 
half cycles of current from either end of the line, resulting 
in substantially continuous carrier on the line from one end 
or the other. For an internal fault the current at one end of 
the line reverses or remains below the fault detector setting 
so that carrier is sent only half of the time. The relay is ar- 
ranged so that this produces tripping. 

Figure 21 shows (heavy) the relative positions of the 
locally and remotely transmitted carrier pulses for internal 
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Fig. 2i—Relay tube circuit and typical wave diagrams of type 
HKB carrier relaying system. 


faults (left) and external faults (right). Local pulses of op- 
erating voltage are applied to the relay tube every half 
cycle. For the internal fault the pulses of restraining volt- 
age caused by the carrier occur in the opposite half cycle 
from the operating pulses. Hence pulses of plate current 
occur and result in tripping. For the external fault, re- 
straining pulses occur during both half cycles, and since 
these pulses are, by design, greater than the operating 
pulses, no trip current results. With the entering and leav- 
ing line currents not quite in phase, some relay current 
flows. However, as shown in Fig. 22, a substantial phase 
difference can be tolerated without causing tripping. 

_In this system, the carrier portion is purely pilot protec- 
tion. Back-up protection must be added as an entirely 
Separate entity. Stepped-distance relays, or simply direc- 


Honal-overcurrent relays, are used for back-up protec- 
lon, 
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Fig. 22—Typical overall characteristics of the Type HKB car- 
rier relaying system. 


A few of the factors considered in determining whether 
to use one or the other of these systems are the following: 


Favoring the Phase Comparison System 


1. Can be added for high-speed protection with any existing 
relay scheme for back-up. 

2. No potential transformers are required. Low-tension 
potentials are sometimes adequate for back-up relays. 

3. Inherently trip proof on out-of-step conditions. (Out-of- 
step blocking relays are included in the other scheme if 
needed.) 

4, Not subject to trip by induced ground current from a 
parallel line. 

5. Back-up relays entirely separate. Can take either high- 
speed or back-up out of service without affecting the other. 


Favoring the Directional-Comparison System Using Stepped- 
Distance Relays 


1. More generally, applicable to multi-terminal lines. 

2. Provides better discrimination between loads (tapped from 
lines) and faults. When transformers are tapped along the 
lines, it is not desired to trip the line for faults on the low- 
tension feeders. 

3. Can trip with fault currents less than twice load currents. 

4. More flexible for system changes. 


However, on many lines either system is entirely applic- 
able and might equally well be used. 

Fig. 20 shows the complete equipment required for a 
carrier current relay system. Relays shown are of the di- 
rectional-comparison type. The carrier components are 
the same with the phase-comparison type relays. 


(a) The relays; practically the same as for high-speed distance- 
type protection except with the addition of the receiver relay, 
directional auxiliary relays, and out-of-step elements which are 
housed together. The Type HZ relay is shown in Fig. 23. 

(b) The carrier current transmitter-receivers operated from 
the station battery and with an output of 5 to 40 watts at 50 to 
150 kilocycles when keyed. The outdoor set contains line-tuning 
equipment for matching through the coupling capacitor to the 
high tension line. When the set is located indoors it is connected 
by coaxial cable to the line tuning equipment in a separate 
housing located near the coupling capacitor. 

(c) The coupling capacitor. The connections to ground, and 
to the potential device if used, are through radio-frequency 
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Fig. 23—The Type HZ high-speed, three-zone impedance re- 

lay, The relay is arranged for use either as a conventional 

step-type distance relay for phase-fault protection, or in the 

directional comparison scheme of pilot-wire or carrier-cur- 
rent relaying. 


chokes. Thus, at carrier frequency, the coupling capacitor is 
simply a series capacitor between the carrier set and the high- 
tension line. 

(d) The tuned carrier-current choke or wave trap, of sufficient 
capacity to carry the line current but imposing a high impedance 
to carrier current of the frequency used. Its purpose is to prevent 
loss of the carrier energy into other sections, so that ample signal 
strength is available in the protected section. 


Microwave Relaying—KEither the directional-com- 
parison or phase-comparison systems of relaying can be 
used over microwave channels as well as power-line carrier 
channels without significant alteration. However, because 
the microwave channel is not subjected to line faults it 
does not necessarily have to be used in a blocking manner, 
but is suitable also for transfer tripping. 


14. Pilot-Wire Relaying 


Pilot wire relaying is to the short transmission line what 
carrier current protection is to the long one. It provides 
uniform simultaneous tripping of the circuit breakers at 
both ends of a section, with all that such operation implies 
in the way of increased stability, lessened shock and dam- 
age to the system, and simplified coordination with other 
relay protection. In short high-voltage lines, discrimina~ 
tion is often impossible with distance type relays; pilot re- 
laying by wire or carrier becomes the only method of dis- 
crimination not based on time delays. 

The cost of carrier-current protection is practically un- 
affected by the length of the line. The terminal equipment, 
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including the relays, carrier set, coupling capacitor, choke’! 
and installation, costs considerably more than the termina} ¥ 
equipment required with pilot-wire protection. However ‘f 
the cost of the pilot-wire circuit increases almost directly % 
with the length of line; consequently there is an economig 4 
dividing line between carrier-current and pilot-wire appli. @ 
cations. The average dividing line is at about 10 miles but ' 
it varies widely with such factors as: the availability of ex. ™ 
isting pilot-wire circuits, the number of other pilot wire 3 
services with which the cost of the pilot cable can be’ 
shared, the inductive exposure conditions which determine 3 
the test voltage of the pilot cable, and the cost and com. ; 
plexity of the necessary carrier-current channel. " 


The ideal pilot-wire relay systems should: 


1. Require only two pilot wires. 4 
2. Provide complete phase and ground protection with a -4 
single relay at each terminal. 
Permit wide variations in current transformer performance, 
Be suitable for use over leased telephone circuits. 

Not operate incorrectly when the system is out-of. % 
synchronism. a 
Provide adequate insulation between the pilot wires and % 
the terminal equipment. j 
Have provisions for dealing readily with longitudinal .¥ 
induced voltages in the pilot circuits or with differences in 
station ground potential. 

8. Have provision for supervising the pilot wires. 
9. Operate at high speed. 


om 


pe a 


A number of d-c or a-c pilot wire schemes based on di- 
rectional comparison or on current differential have been 
used to a limited extent. For example an arrangement 
similar to the carrier-current protection described has been .. 
used with pilot wire. However by far the greatest number 
of pilot-wire relay applications employ the Type HCB re- 
lay thereby meeting all of the above requirements. . 

The arrangement is shown in Fig. 24. At each end of the 
line a voltage proportional to positive-sequence current 
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*Positive-sequence and zero-sequence segregating network. The secondary cur , 
rents are fed in. An internal voltage is produced proportional to I, +KJo. The ¥ 
network as viewed from the relay element terminals has this internal voltage ® 
an internal impedance. A saturating transformer, not shown, is used betwee 
the network and the relay element. F 


Fig. 24—Alternating current pilot wire scheme using theJ 

HCB relay. Simplified schematic. Only two wires are requireds 

and continuous supervision of them can be obtained as show? 
dotted. 
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Fig. 25—Typical operating characteristics of the HCB relay for a phase A to ground fault with the currents through the 
two terminals 30 degrees out of phase, and a 2000-ohm pilot wire. 


F 18. 26—The Type HCB pilot-wire relay. The relay has a sin- 
Ble Operating element, which functions for all types of phase 
and ground faults. 


and a constant times the zero-sequence current is derived. 
€ relay has variable-percentage differential character- 


istics. Each relay contains a filter segregating the positive- 
and zero-sequence currents and combining the right 
amount of each into a single relaying quantity. Thus, by 
selecting the proper relay tap, tripping is obtained at any 
desired ground-fault current and phase-fault current. This 
reduction to a single differentiating quantity makes com- 
parison over only two pilot wires possible. The ability to 
trip correctly even with badly mismatched current trans- 
formers is illustrated in Fig. 25. The vector positions of 
the sequence currents for various types of faults are illus- 
trated in Fig. 32. 


- Ground Relaying 


Overcurrent and directional relaying used for ground 
protection usually follows the same schemes as employed 
for phase protection. That is, the overcurrent ground re- 
lays for a radial system may be progressively timed, as in 
Fig. 13. For loop systems the directional element is added, 
polarized either by zero-sequence voltage or by a trans- 
former bank neutral current which is proportional to zero- 
sequence voltage. This results in progressive timing as in 
the loop circuit of Fig. 12. Stepped-distance relaying is 
likewise used but with limitations which will be dis- 
cussed. 

There are a number of differences between ground and 
phase relaying. 

(a) The zero-sequence impedance of the average trans- 
mission line is 2 to 5 times its positive-sequence impedance, 
while the zero-sequence impedance of the source, compris- 
ing frequently only the transformer-bank impedance, may 
be lower than the positive-sequence impedance of the 
source. Therefore as the fault is moved along the line, the 
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ground-fault current falls off more rapidly than the phase- 
fault current and current magnitude can be used more for 
discrimination, at least where ground wires are used. 

(b) Usually there are many more sources of ground cur- 
rent than of phase current. This improves the selectivity 
obtainable with overcurrent ground relays. 

(c) A system may have several unconnected portions of 
zero-sequence network, in which case a ground fault in one 
section does not draw ground current from other parts. 
This makes the coordination of ground relays simpler than 
that of phase relays. 

(d) Fault resistance is likely to be much higher for 
ground faults than for phase faults on the higher voltage 
lines. At currents of 1000 amperes or more the arc voltage 
is 300 to 500 volts per foot so that a 1000-ampere line-to- 
line fault through a 5-foot arc involves a fault resistance of 
approximately 2500 volts divided by 1000 amperes or 2.5 
ohms. Compared with this, pole grounds, which may be 
the fault impedance for a ground fault, are usually in the 
5 to 50-ohm range. A wire on the ground can have almost 
any fault resistance. Being unaffected by load current, a 
ground-current relay can be set lower than a line-current 
relay. Thus it can be set low enough to operate even 
though the fault current is choked down considerably by 
fault resistance. 

(e) The zero-sequence mutual reactance between two 
parallel lines is important, although positive-sequence mu- 
tual reactance is usually unimportant. The zero-sequence 
mutual reactance leads to circulating residual currents in 
one line for a fault in the other, even though the lines are 
part of two separate systems. It also interferes some- 
what with distance-type ground relaying, although 
methods are available for compensating this effect in some 
cases. 3?" 

Another factor of importance is that the fault, rather 
than the supply end of the line, is the source of zero- 
sequence voltage. That is, the zero-sequence voltage ta- 
pers down from the fault towards the relay as outlined in 
Sec. 23 and illustrated in Fig. 30. 

These factors lead to difficulties in applying impedance 
or other distance measuring relays for protection against 
ground faults. While they have been used in some cases 
where conditions are favorable and where discrimination 
would be even more difficult by other means, their use is 
limited. 

Overcurrent Ground Relaying—The vast majority 
of ground relaying is essentially overcurrent, with direction 
where needed. The more common elements follow: 

Type CO—Induction-overcurrent relay with instantaneous- 
trip attachment. The instantaneous trip is set below the max- 
imum ground current in the line for a fault at the next bus. 
Nonsimultaneous closure of the circuit breaker poles during load 
switching may result in momentary ground current sufficient to 
operate the instantaneous ground relays, where the relays are 
set sensitively. This has been avoided by connecting a residual- 
voltage-relay contact in series with the trip circuit. The latter 
does not operate during load switching operations. 

As above but with induction-directional element, Fig. 2(e), 
controlling the induction overcurrent element. The directional 
element may be polarized either by residual voltage, Type CR, 
or bank-neutral current if available, Type CRC. 

Instantaneous-overcurrent elements, such as the SC, can be 
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used if the line terminates at the far end in a transformer that 4 
will not pass residual current. 4 
Reactance Relaying—has an inherent, advantage Over | 
impedance relaying for ground fault protection in that the 
relay measurement is generally much less affected by fault } 
resistance. If the currents supplied from the two ends of # 
the line are not in phase, the fault resistance does appear to } 
the relay to have some reactance. Nevertheless, the error 4 
in distance measurement caused by fault resistance is gen. § 
erally much less with a reactance element than with an : 
impedance element. : 
For ground relaying it is desired that the relay measure ‘ 
the zero sequence reactance from the relay to the fault,3 
It may be noted that the ratio of line-to-neutral voltage at | 
the relay to zero-sequence current is: 


By_ Toot hZrt leks 
Io Io 


where Jo, J1, Z2 are the sequence current at the relay and ' 
Zo, Zi, Z, the sequence impedances from relay to fault, : 
Thus the zero sequence impedance can be measured as— ; 


(Des AC Oe 
Io To 


The positive and negative sequence voltage drops from 
relay to fault are deducted from the line to neutral voltage, 
E,, by compensators and the resulting voltage divided by |: 
Io is @ measure of the zero sequence impedance. A react- 
ance element using this voltage and current will measure 
the zero sequence reactance as desired. 

The type HXS ground reactance relay operates on this | 
principle, three elements being used to provide stepped- — 
distance protection. As there is zero-sequence current only 
for fault conditions, no separate fault detector is required. © 
Only one HXS relay is used for all three phases, the voltage -. 
of the faulty phase being connected to it by a type HPS 
faulty-phase selector relay illustrated in Fig. 2(¢). 

To provide a single high-speed step, as for example where ° 
existing relays provide adequate backup protection, the : 
HXL relay is used in conjunction with the HPS phase - 
selector. This provides one ground reactance step, usually » 
set about 75 percent of the line length, and a load-loss fea- : 
ture which opens the second breaker instantly after the ‘ 
first breaker opens. The load-loss feature utilizes three 
overcurrent elements to recognize by the closing of at least ~ 
one back contact and one or more front contacts that 4 % 
fault is present and the far breaker is open. Under normal g 
load conditions all three front contacts are closed. y 

Negative-Sequence Directional Relaying—tThe | 
negative-phase-sequence directional element can frequent- % 
ly be used to advantage with an overcurrent ground relay 4 2 
to obtain selective clearing of ground faults. This results § 
from three facts— ; 


setenen 


Zo= 


lak Seated ST Ave 


1. Only two potential transformers are required. : 

2. On solidly-grounded systems the negative-phase-sequence, a 
voltage at the relay may be of larger magnitude than the, : 
zero-sequence voltage at that point, hence, a more positive : 
relay operation can be obtained. : 

3. The negative-sequence directional element is not affected § 
by zero-sequence mutual induction from parallel transmis, 
sion circuits. 
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Current-Voltage Product Relaying is also used for 
ground protection. As the fault is moved away from the 
relay, not only does the zero-sequence current at the relay 
drop quite rapidly, but also the zero-sequence voltage (or 
the bank neutral current which is proportional to it) de- 
creases. This makes the product of these two quantities 
an effective discriminating function. It is utilized in the 
types CW and CWC relays. See Fig. 2(e). 


16. Back-up Protection 


As mentioned cartier, in the event of failure of the proper 
circuit breakers to clear a fault, it is desirable to have some 
form of back-up protection to remove the fault from the 
system in the next best way that can be arranged within 
economic limits. The measures employed in present-day 
practice vary all the way frora complete duplication of re- 
lays, circuit breakers, and tripping sources at one extreme 
to no back-up at all at the other extreme. The measures 
used in each case are somewhat a matter of opportunism as 
to what can be done conveniently, but more a matter of 
judgment and evaluation of the following factors: 


1. Technical means by which back-up could be provided. 

2. Importance of the section being backed up. That is, con- 
sequence to the system of failure of the primary protection, 
if one or the other of the various back-up possibilities is in 
use. 

. Cost of providing back-up protection in various ways. 

. Probability of faults, of the failure of primary protection, 
or of equipment failures that would cause costly or time 
consuming repairs if the primary protection should fail. 

5. Consequences to the industrial processes or other loads 

being served if service is lost, momentarily, or for a long 
time. 
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To make these considerations more concrete a few ex- 
amples may be cited. If a line fault hangs on due to a cir- 
cuit breaker failure and is not cleared, the first hazard is 
that the line may be burned down resulting in a time-con- 
suming repair job. The second is that the continued fault 
may cause the whole system to pull out of step and result 
in a complete shut down of an entire city area or large sys- 
tem. Provision of back-up may remove one or both of 
these possibilities depending on the circumstances. 

In an indoor station the failure of some piece of equip- 
ment to function properly, thereby leaving a fault un- 
cleared, may result in a fire or explosion with extensive 
damage, which might have been avoided or minimized had 
some secondary means of clearing been in use. 

Needless to say these considerations extend far beyond 
Protective relays, into maintenance, testing and safety 
Practices, air versus oil switchgear, building construction, 
Protection of lines against lightning and other hazards and 
quality of major equipment. All of these should eventually 
be weighed to obtain the most favorable over-all service for 
the time, effort and cost involved. 

In a system of transmission lines protected by overcur- 
rent or distance-measuring relays, the relays for each cir- 
(Cut breaker can frequently be set to provide primary pro- 
tection for the immediate line section and back-up protec- 
tion for the next line section, as indicated by the character- 
'sties of Fig. 13, 15, 16, and 18. Then in event of the failure 
la circuit breaker to clear for any reason, all other lines 
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feeding that bus are cleared at their remote ends, with 
some time delay. This is the most common form of back- 
up protection. 

Overcurrent relays are frequently used for back-up pro- 
tection on lines equipped with high-speed distance, or 
pilot-wire or carrier relays. These also provide protection 
for the immediate line while the primary protection is taken 
out of service for the testing. 

In many cases relays at one station, A, Fig. 27, cannot 
reach through the bus of the next station, B, to a fault at 


Fig. 27—Problem of back-up protection. 


the ends of the lines beyond. This is especially true if there 
is generation on the bus at station B, or if the lines beyond 
are very long, or both. Consideration is then given to some 
form of protection that will clear all other circuit breakers 
on bus B, if one fails to open for a fault. One scheme in 
use is to have the relays of each circuit breaker on bus B 
not only trip their circuit breaker, but also energize a time- 
delay relay. This relay will trip all circuit breakers on the 
bus, through the bus-auxiliary lock-out relay, if the pro- 
tective relay does not open its contacts within a reasonable 
time, indicating that the fault has been cleared. This takes 
care of circuit breaker or trip-coil failure. Relay failure is 
backed up assuming that there is more than one relay ele- 
ment that should trip. However, it does not guard against 
battery failure or instrument-transformer or lead failures. 
Sometimes the back-up relays can be connected to different 
transformers than the primary protection but the only pre- 
caution normally taken with respect to the battery is good 
supervision. 

Experience indicates that it is better economy to apply 
back-up relays to protect against other equipment failures 
than merely to back-up another relay, while using alli the 
same accessories. 

On some generator busses a partial-differential back-up 
is used to trip the complete bus section for feeder faults not 
cleared by the proper circuit breaker. The main sources, 
such as generators, transformers, and bus ties are totalized 
to operate these back-up relays. The relays are usually 
overcurrent and are given enough time to select with the 
main feeder protection. 
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In some very important stations complete duplicate sets 
of relays are used, operated from separate transformers to 
provide the back-up function. Also in certain large gener- 
ating stations, with double circuit breakers separating ma- 
jor bus sections with power concentrations of the order of 
200 000-kw load, the back-up partial-differential circuit 
not only uses separate current transformers but trips the 
other circuit breaker of the double-breaker combination. 
The partial-differential protection can often be arranged so 
that it backs up generator, reactor, and bus protection as 
well as feeder protection. 

Since carrier, pilot-wire or distance protection is some- 
times required to obtain 100 percent selective primary pro- 
tection, it is not always possible to obtain selective action 
of the back-up relays. There is some trend in the case of 
pilot-wire protection of short-line sections to cut the back- 
up relays in automatically when the supervision relays in- 
dicate that the pilot wires are inoperative. Some use is be- 
ing made of carrier in a somewhat similar philosophy, to 
block certain back-up elements when carrier is being re- 
ceived. 


17. Motor Protection 


For the larger motors which are equipped with protec- 
tive relays, the protection supplied varies with the impor- 
tance of the service and whether automatic or not and 
whether attended or non-attended. 

Many motors 500 horsepower and larger, and some 
smaller ones are protected by long-time (geared, 40-sec- 
ond) induction-type overcurrent relays set in the neighbor- 
hood of 150 percent of maximum-load current, but with 
timing to permit the starting inrush of several-hundred- 
percent current for several seconds. A typical case might 
be 600 percent for ten seconds for an across-the-line-started 
induction motor, although these figures vary widely, de- 
pending on the application, and must be determined in 
each individual case. These relays will operate for a stalled 
motor, for internal motor faults, or for a heavy over- 
load. 

The overcurrent relays are usually provided with instan- 
taneous-trip attachments set above the motor-starting 
current to trip quickly for severe faults in starter, leads, or 
motor. 

Thermal relays are frequently provided in addition to 
the overcurrent relays, to provide more sensitive overload 
protection. Having a time constant of several minutes as 
contrasted with seconds for the overcurrent relay, they fol- 
low the motor temperature more closely. They will not 
protect the motor under stalled conditions, however, where 
the motor ventilation is missing; the overcurrent relay pro- 
vides this function. 

In automatic applications, and where starting in reverse 
would be serious, a phase rotation relay is used which 
closes contacts to permit a starting only if the phase se- 
quence is correct and voltage is present on all three phases. 
This does not guard against phase unbalances which might 
occur during operation, however. For this purpose, a 
phase-balance current relay, Fig. 2(p), is provided in many 
automatic schemes to trip if the 3-phase currents become 
excessively unbalanced. Time-delay under-voltage protec- 
tion is frequently applied to guard against over-current or 
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process damage, resulting from sustained operation at low 
voltage. However, where continuous operation is moreim. , 
portant than motor protection this feature is eliminated or ~ 
used for alarm only. 

Thermal-alarm devices applied directly on the motors 
are becoming increasingly popular in attended stations 
where the operator can determine from the ammeters or 
other indications, the source of trouble. 


18. Power House Auxiliaries 


The power house is the heart of any electric system and 
its functioning rests on the motors which drive its fang, 
pumps, gates, and other auxiliaries. Hence reliability jg 
paramount, and in addition to provision of a most suitable 
power supply and spare units for certain auxiliaries, much 
attention has been given to the relay protection. A recent 
survey of United States practice® resulted in the following 
recommendations, attendance being assumed. 

The 2300-volt motors should use long-time-delay phase-over- 
current relays for overload and internal motor faults, set at 
approximately 150 percent of rated current. They also should be 
equipped with instantaneous overcurrent relays for short-circuit 
protection set above maximum-inrush current. If the auxiliaries 
are transferred, the instantaneous relay must be set above a 
higher inrush current. 

On essential motors* the time-delay overload relays may be 
used for alarm purposes only, and the instantaneous relays used 
to trip. In this case the time-delay relays can be set more sen- 
sitively than 150 percent of rated current. 

Low voltage motors (208, 440, 550 volts) should use a thermal 
device for overload protection, and an instantaneous-trip device 
for short-circuit protection. 

In addition, the report notes the desirability of eliminat- 
ing undervoltage protection except for alarm purposes, so 
that the loss of auxiliaries due to system disturbances will 
be minimized. 


19. Industrial Interconnections 


When a line is tapped to an industrial plant having gen- 
eration, it is common practice to segregate essential loads 
for operation from the plant generator and dump others in 
event of a line outage. If the same line is tapped for other 
plants, the problem arises of separating the plant under 
consideration from the line under conditions hazardous to 
its operation. One scheme in successful use on many indus- 
trial interconnections consists of separation based on any 
of three indications provided power flow has reversed and 
is toward the power company. The three indications are: 
under frequency, undervoltage, or generator overload. 
Any of these occurrences, provided power flow is away from | 
the plant, is taken as sufficient cause for separating and at 
the same time dumping nonessential loads so that the re- 
maining plant load may be brought within the capacity of - 
the plant generation. 

The relays normally employed are: 

Induction-type overcurrent for generator overload. 

Induction-type under-frequency relay. 

Induction-type undervoltage relay. 

High-speed-type three-phase directional relay. is 


A at a8 ; Ki 
The generator overload relay is directional controlled 50 

*Essential motors are in this case defined as those motors whose ¥ 
failure results in the shut-down of generating capacity. 
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that it will not start timing unless direction in the intercon- 
nection has reversed. 

Directional relays are also used, without the voltage, fre- 
quency, or current fault detectors, for this purpose, 


20. Three Terminal Lines 


Lines having three or more terminals are generally 
more difficult to protect than two-terminal lines. Alternat- 
ing current pilot wire protection is applicable in many 
ceuses although the limiting values of pilot-wire capacitance 
and resistance are less per terminal than for two-terminal 
lines. Carrier schemes, particularly of the blocking type 
are upplicable to multi-terminal lines. However, sequen- 
tial operation of circuit breakers occurs if fault current of 
appreciable magnitude flows out at one terminal for an in- 
ternal fault near another terminal. The first-zone imped- 
ance clement nearest the fault, acting independent of car- 
rier, opens the first circuit breaker, after which carrier is 
stopped by the directional elements permitting clearing of 
the other circuit breakers. 


21. Out-of-Step Protection 


Practically all utilities, except those consisting of steam 
stalions connected rigidly together electrically, have ex- 
perienced system instability. Most utilities have experi- 
enced some undesired operation of fault-protective relays 
ast result of system instability. Quite a number of utilities 
attempt either to block line relays from tripping because of 
out-of-step conditions, or to set the relays so that tripping 
will occur at a preselected point. Out-of-step blocking in 
conjunction with carrier relaying is the method most com- 
monly employed. 

Synchronous frequency changers interconnecting two 
systems may suffer mechanical damage to shafts and cou- 
plings if permitted to operate with the systems out-of-step. 
The resulting power pulsations may be close to the natural 
frequency of the two-mass system composed of the two 
rotors with connecting shaft. Out-of-step relays are avail- 
ble which detect a slip cycle by the power reversal at high 
current and can be set to trip after two or three slip cycles, 
or before serious torque oscillations build up. 

Quick clearing of faults by modern 8-, 5-, and 3-cycle cir- 
cuit breakers and high-speed relays is well accepted as a 
measure of prime importance in improving system stability 
ind reducing damage and permanent outages. Case after 
case could be cited where these improvements have been 
realized as circuit breakers and relays have been mod- 
ernized up to present-day standards. High speed reclosing 
has been made possible by simultaneous operation of cir- 
cuit breakers at the two ends of a transmission line by car- 
ner-current or pilot-wire relaying. This measure is gener- 
ally accepted as economically of greatest benefit in improv- 
Ing stability and service reliability. Three-pole® reclosing 
has been most widely used. However, there are a number 
of applications of single pole reclosing” which further en- 
hance the stability by leaving the sound phases in service 
While the faulted ones are opened and reclosed. 


22. Testing and Maintenance 


Routine tests are made by many companies at quite fre- 
quent intervals such as one to three months, depending on 
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the importance of the service. However, the major calibra- 
tion tests are generally scheduled for periods more of the 
order of six months to two years. One year is a quite com- 
mon period. There is a decided feeling that too frequent. 
testing may cause more harm from mistakes and inadver- 
tent damage than the good that is accomplished. The tests 
vary from the over-all or primary test in which current is 
passed through the primary of the current transformer, 
and the circuit breaker tripped by the resulting relay ac- 
tion, to much less complete checks. A quite usual proce- 
dure would be to remove the relays from service and test 
and calibrate on a load box, and to check the instrument 
transformers for continuity and grounds. The instrument 
transformer-relay circuit is grounded at only one point so 
that the intentional ground can be lifted for this test. If 
feasible the circuit breaker may be tripped by closing the 
relay contact. 


23. Relaying Quantities and How They Are Ob- 
tained 


The prime requisite of all protective relaying is a funda- 
mental basis of discrimination, which has been variously 
referred to as a discriminating function or quantity, an op- 
erating principle, or a relaying quantity. This discriminat- 
ing quantity must be one to which a protective relay can be 
made to respond, and one which separates the desired trip- 
ping values from the desired non-tripping values. 

The common discriminating quantities, such as current, 
voltage, time, impedance, direction, and power are well 
known, and the methods of obtaining them from current 
transformers, potential transformers, and potential devices 
are generally understood and described elsewhere.'? No 
general treatment of this subject can be given here. How- 
ever, some of the more important characteristics of these 
quantities will be briefly outlined. Some special considera- 
tion will be given the newer sequence quantities arising 
from the method of symmetrical components, given in 
Chap. 2. 

Voltages and Currents During Fault Conditions— 
Ten different faults of four kinds can occur at one point on 
the system: 


three-phase ABC 
line-to-line AB BC CA 
double line-to- 

ground ABG BCG CAG 
single line-to- 

ground AG BG CG 


When one of these four kinds of faults occurs along the 
line, the voltage and current relations at the relay are 
somewhat as shown in Fig. 28. For a three-phase fault the 
currents are balanced and lag the line-to-neutral voltages 
by the impedance angle of the line. In an average high- 
voltage line this angle is about 60°. The addition of fault 
resistance tends to lower it. For line-to-line fault, say BC, 
the current in line B lags the collapsed BC voltage by a line 
impedance angle of about 60°. For a two-line-to-ground 
fault, for example BCG, a similar situation pertains, except 
that the line-to-neutral voltages B and C also collapse to an 
extent depending on how solidly the system is grounded. 
Consider two easily visualized cases. If the system is 
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Phase to Phase Fault Between 
B and C Phases 


Two Phase to 
Ground Fault 


x Phase to Ground 
\ Fault on Phase A 


Fig. 28—Typical unbalanced conditions of current and voltage occurring during various types of fault on a three-phase 
system with an angle of sixty degrees. Load current flow neglected for fault conditions. 


grounded through a very high impedance (Zp) very high), 
the currents will be nearly the same as for a line-to-line 
fault except for a small added ground current. However, 
the fault will establish the mid-point between B and C 
phase voltages as ground potential. Another example is 
the case Z;=Z2=Zp for all parts of the system. For this 
case the phases are independent and the three-phase sys- 
tem acts exactly like three independent single-phase sys- 
tems. The twwo-line-to-ground fault BCG, is the same as 
the three-phase fault except that phase A voltage is not 
collapsed, and only load current flows in phase A. The ma- 
jority of systems fall between these two limits. 

For a single line-to-ground fault on phase A, the cor- 
responding line-to-neutral voltage collapses and the phase 
A current lags the line-to-neutral voltage of phase A by the 
impedance angle of the line-ground-return circuit including 
the fault impedance. If Z>=Z,= Z, throughout the system 
this fault will not influence the other two phases. If Z) is 
higher than Z,, corresponding to high impedance ground- 
ing, the condition of ungrounded operation or full displace- 
ment of the voltage triangle is approached. 

Single-Phase Directional Element Response— 
Considering the different kinds of faults, and also their oc- 
currence with symmetry to A, B, or C phases, the angle 
between voltage and current for a fault on the line varies 
over rather wide limits. In using a single-phase directional 
element, asin the CR, CZ, or HZ relay, a particular voltage 
must be associated with a particular current. 

30° Connections. One of the common “connections” as- 
sociates the phase A current with the phase C'A voltage 
and is known as the 30° connection, because at unity power 
factor under balanced three-phase conditions the current 
leads the voltage by 30°. A watt-type* directional element 


closes for current from approximately 90° ahead to 90° be- 
hind the voltage applied to its potential coils. For a three- 
phase fault on a 60° impedance-angle line the current lags 
behind its unity power factor position by 60°. With a 30° 
connection it lags the reference or polarizing voltage used 
on the directional element by 30°. Fault resistance (plus 
any modification of the relay characteristics by lagging) 
brings the fault current nearly to the maximum torque po- 
sition. For the other kinds of faults on different phases the 
current is shifted one way or the other, but the wide closing 
band of the relay allows for this variation. The 30° connec- 
tion uses star currents and delta voltages. 

The same system is followed in naming other connec- 
tions, although the relay used, including its phase-shifter 
if any, does not always have a closing zone for current from 
—90° to +90° with respect to voltage. 

The 60° Connection uses delta currents and voltages; the 
I,—Ts current being used with the phase C’A voltage. A 
relay with a closing zone approximately +90° to —90° is 
used. Delta-connected main or auxiliary current trans- 
formers are needed to obtain the delta currents. 

The 90° Connection uses star currents and delta voltages; 
the phase A current being used with the phase CB voltage. 
In this case, however, a 45° voltage advancing phase- 
shifter is employed with the relay element giving it for star 
currents a closing zone approximately from 135° ahead to 
45° behind the delta voltage. For a three-phase fault on 4 
60° impedance-angle line the phase A current leads the 


*Other directional elements may have their closing zone shifted % 


aS much as 45° in the leading or lagging direction. The element used 


with the 30° connection may be a watt type or may have its closing 4 


zone shifted 10° to 20° in the lagging direction. 
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phase CB voltage by 30°, and a small fault resistance 
would swing it toward 45° leading. The closing zone ex- 
tends 90° either side of this position and affords optimum 
opportunity for the relay to give correct directional indica- 
tion with other kinds of faults. 

Usually any of these three connections gives correct di- 
rectional indication although in individual cases advan- 
tages can be found for one or the other, depending on such 
fuctors as the impedance angle of the line, the possible 
fault impedance, and the likelihood of an undesired 
amount of directional element operation caused by leading 
Joad currents near the directional boundary. For distance 
carrier relaying using single-phase directional elements the 
60° connection using delta currents is preferred since the 
same delta current is used on the impedance element. If 


TABLE 4—SEQUENCE POWER RESPONSE OF THREE-PHASE DIREC- 
TIONAL ELEMENTS 


TORQUE VECTORS 


CA |-A+B/ 240° 
CA B-C]| 300° 
UNSYMMETRICAL CONNECTIONS 


(54) A 
ac)| ¢ | @ |e] | 


PL+120°+NZ-120° 
PL+60°+NZ-60° 


>= 

&y od S FOR RELATIVE 
g\é © [PURE RESISTANCE|YOLTAGE | THRE E-PHASE 
¢ |£ ls TORQUE 
5 ° ls ioe [ee SEE NOTE 
eH MH 
STAR | STAR 

A A or} — | = | P+N+Z 

A |-8 607] \ | f | — PL-GO+NZ+60 -Z 
A Gc |} i20y f | YJ PL-120+NZ-120 +Z 
A |-A | 180°} = | © | —- -P -N -Z 

A B |24o7 \ | fs | PL-240+NZ-120 +Z 
A |-c | 300% 4 yl PL+60 +NZ-60~2 
DELTA| STAR 

cA | A | *30°% ~. | oe [NONE PL-30+NZ+30° 
cA |-B |*907] 4} } [NONE (P-N) £-90° 
CA G 150°] a | ~~ [NONE P2-ISO+NZ-210° 
CA |-A | 210°) ~% | L# [NONE PL-210+NZ-150° 
CA 8 | 2707 4 4 INONE PL+90°+NZ~-90° 
cA |-c | 330°] -” | *% |NONE PL+30°+NZ~-30° 
DELTA|DELTA 

CA |-c+aA] Of] —» | = NONE P+N 

CA | A~B/]*60°] \ | f [NONE PL-GO'+NZ4+60° 
CA |-B+G] 120°] / \ [NONE PL-120+NZ+120° 
CA C-A| 180°] « — |NONE -P-=-N 

\ 2 
Aly 


P+N-@ToE,-a oka 


ae) A-lIo 

be C-lo (2) | —» | = |NONE P+N 

B6 A-lo 24 A 
Gh C-Ig (2) (4) } (4) {NONE -a°l,E,- al, 
cB A- 

(ce) ese () | 4 | 4 [NONE (P-N) £-90° 


Note: Torque is the real part of the expression in the last column, P =E,h; 
N =Exh, Z=Enl. If the system were pure resistance throughout all Z's and 
Z's would be in phase, or phase opposition. For faults, N and Z would be 
negative at the relay, and P positive, but all three power terms would be pure 
scalars, The arrows show the vector position (not magnitude) of the torque 
expressions for this idealized pure resistance system case, taking into account 
that the values of V and Z are negative as shown in Fig. 29. If instead of being 
Pure resistance the system were pure 60° impedance angle throughout the 
effect would be to rotate all currents negatively 60°, leaving all voltages 
unchanged. As the power terms are of the form E/ this will rotate similarly all 
the P, N, and Z quantities and hence the torque vectors. The real com- 
Ponents of these vectors are the torques. Hence conclusions can be drawn as 
to whether the torques associated with P, N, and Z are additive and how 
much voltage phase shift is needed for optimum condition on a system of given 
Impedance angle. 
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LINE-TO~LINE|SINGLE LINE-| 
TO-GROUND 


DOUBLE LINE- 
TO-GROUND 


(a) ARROWS SHOW ACTUAL RELATIVE DIRECTIONS OF SEQUENCE 
POWER (VOLT-~AMPERES AT SYSTEM IMPEDANCE PHASE ANGLE) 
FOR A SYSTEM OF THE SAME IMPEDANCE PHASE ANGLE 
THROUGHOUT. 


LINE*+ (PARALLEL 
OF NEG. & ZERO 
SEQ. NETWORKS) 


SYSTEM* SYSTEM* 


* Line refers to the line impedance from relay r to fault x of the par- 
ticular sequence. System refers to the impedance from generator tor 
of the particular sequence. 


(b) IMPEDANCE WHICH DETERMINES ANGLE OF POWER AT THE 
RELAY. (ANGLE OF SEQUENCE CURRENT BEHIND CORRESPONDING 
SEQUENCE VOLTAGE.) 


Fig. 29—Diagrams showing the relative directions of positive-, 

negative- and zero-sequence power during fault conditions. 

The Chart (b) indicates what part of the system fixes the pow- 
er factor for each sequence. 


impedance element operation is caused by a line-to-ground 
fault its associated directional element is influenced by 
fault current. This overcomes any possible load current 
effect. 

Three-Phase Directional Element Response—The 
same connections are used with three-phase directional 
elements*. In this case another factor influences selection 
of the connection. Table 4 shows the functions of sequence 
power to which various connections respond. As shown in 
Figs. 29 and 30, positive-sequence power flows toward 
the fault; negative- and zero-sequence power flows away 
from the fault, since the fault is the source of negative- 
and zero-sequence voltage. Therefore the positive-sequence 


*This discussion relates to three independent single-phase elements 
on the same shaft. No three-phase rotating field is involved. 
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Fig. 30—Simplified equivalent system showing the sequence 
voltage distribution during fault conditions. 


minus the negative-sequence power at the relay (P—N) 
is more positive for a fault out on the line than is (P+N), 
and hence provides a better fault directional indication, 
having higher torques for fault currents in relation to 
those due to load currents. 

In table 4 the “connections” are shown in the first three 
columns, and the resulting three-phase torque on the ele- 
ment in the last column. The relative phase positions of 
the torques produced by positive- and negative-sequence 
power are shown in the 4th, 5th, and 6th columns, taking 
into account that when the impedance angles are the same 
throughout a system, the values of NV and Z are opposite to 
P under fault conditions. The positive-sequence torque 
vector is drawn in the position of the conjugate of the cur- 
rent vector to produce maximum torque, the horizontal 
axis being the unity power factor position. Thus for the 
star-voltage, star-current, 0° connection maximum torque 
is for unity power factor. If a watt responsive element 
is used the voltage must be retarded 60° by a phase-shifter 
to obtain maximum torque for current lagging 60°. 

The star-voltage, star-current, 60° connection* can be 
obtained with the phase A current associated with the 
negative of the phase B-to-neutral voltage, the other 
phases being symmetrically connected. This is perhaps the 
best star-current, star-voltage connection as no phase shift 
is required to get maximum positive-sequence torque with 

*This is not the commonly referred to 60° connection. 
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current lagging 60°. Also the negative-sequence torquet ig 
maximum for current lagging 120° and hence gives 50 per- 
cent of the maximum possible assistance to positive-ge. 
quence torque for 60° system-impedance angle. As the 
system-impedance angle is likely to be above 60°, this ig 
quite favorable. The zero-sequence torque is also in the 
right direction though not maximum. 

The delta-voltage, star-current, 30° connection has ad. 
verse negative-sequence torque, while the 90° connection 
is ideal in this respect, the positive- and negative-sequence 
torques have their maximums in the same direction for 
90° lagging current. The usual 45° voltage-phase-shifter 
brings the maximum torque to a desirable point and maxi- 
mum assistance is secured from the negative-sequence 
torque. 

The delta-voltage, delta-current, 60° connection, like the 
corresponding star-star connection, has good negative-se- 
quence torque in the proper direction for a 60° impedance- 
angle system. It has no zero-sequence torque. Maximum 
positive-sequence torque occurs for a 60° impedance angle 
without using a phase-shifter. 

In addition to symmetrical connections, one unsym- 
metrical connection is worthy of note in that it is capable 
of securing the desirable P—N accurately. It uses the B 
minus C current with the CA voltage and the | minus C 
current with the CB voltage. It has maximum torque fora 
90° impedance-angle system and hence can be used to ad- 
vantage with a 45° voltage advancing phase-shifter simi- 
larly to the better known 90° connection of three elements. 

Impedance Measurement—Referring to Fig. 30, the 
difference between H, and £; at the relay is the positive-se- 
quence drop from the relay to the fault plus the negative 
sequence drop back to the relay. Recognizing that Z.=Z, 
for the line, it can be readily shown that the line impedance 
to the fault is: 

_E,—E, 


41 Ta 


(1) 
This applies for three-phase, line-to-line, or double line- 
to-ground faults. For line-to-ground faults a higher im- 


pedance than Z,ismeasured by the ratio (E£— E2)/(I,—I,). 
From Fq. (1) the delta connection is derived 


Ip=lh+@l,+al, (2) 
I.=Ihtal+al, (3) 
Ip—I,=(a—a)(h— In) (4) 
Ey, — E,=(a—a)(Ei— EF) (5) 
E,-E, H,—E, 
il.” Ei 6) 


The last expression shows that for fault at a given loca- 
tion the delta voltage divided by the delta current is the 
line impedance Z, for three-phase, line-to-line and double 
line-to-ground faults. As shown previously a higher value 
is measured for line-to-ground faults. 

Lewis and Tippett® give the fundamental basis for dis- 
tance relaying in the most comprehensive paper on this 
subject. Among other things it is brought out that use of 
delta current and delta voltage on the impedance element, 
for example the A minus B current with the BA voltage, a8 

{This refers to torque due to negative-sequence currents and 
voltages. Actually it is torque in the positive direction. ‘ 
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outlined in the preceding paragraph, avoids a 15 percent 
difference in distance measured for line-to-line and three- 

hase faults, which is present if only one line current (star 
current) is used. 

Use of Sequence Quantities*—In using sequence 
quantities the point of view should be developed, first, that 
the fault is the source of negative- and zero-sequence volt- 
age and power, and that negative- and zero-sequence power 
(volt-amperes at system impedance angle) flow away from 
the fault at the relay location; second, that the sequence 
yoltage is measured with respect to the bus-of-no-voltage 
or point n in the particular sequence network considered. 
These relations are brought out in Figs. 29 and 30. 

Sequence Voltage Distribution During Faults— 
In Fig. 30 the voltage gradients are shown very generally. 
for a three-phase fault the voltage tapers off from the gen- 
erator to the fault. For a line-to-line fault the positive- 
sequence voltage tapers off until, at the point of fault, it 
equals the negative-sequence voltage, which in turn tapers 
to zero back at the generator neutral, or point back of 
which there is no impedance to negative-sequence current. 
fn some cases this may be an infinite bus. 

For a double line-to-ground fault the positive-sequence 
voltage again tapers off to the point of fault where it equals 
the negative- and zero-sequence voltages. These taper to 
zero in going back through the network until a point of no 
voltage of the respective sequence is reached. 

At a lme-to-ground fault the positive-sequence voltage is 
the negative of the sum of the negative- and zero-sequence 
voltages and these taper to zero back through the network. 

It is well to note that if the zero-sequence impedance is 
high (high-impedance grounded system), the zero-sequence 
voltage is nearly equal to the normal positive-sequence or 
line-to-neutral voltage for a line-to-ground fault, and ap- 
proximately half as much for a double-line-to-ground fault 
where the generated voltage divides between the positive- 
and negative-sequence networks, thereby applying about 
half voltage to the zero-sequence network. As a result on 
lightly grounded systems all zero-sequence and residual 
voltages and currents are approximately half as much for 
double-line-to-ground as for line-to-ground faults. 

Sequence-Segregating Filters—Sequence currents 
and voltages may be segregated from the corresponding 
line currents and voltages by segregating networks or fil- 
ters. The methods of obtaining zero-sequence currents or 
voltages are already well known as these quantities are 
simply one-third of the corresponding residual quantities. 
Typical sequence-segregating networks are given in Fig. 
31. The performance of each network is expressed by giv- 
ing its equivalent circuit?!” and also by giving the equations 
of operation. 

Polyphase networks for segregating positive- and nega- 
tive-sequence voltage are shown in parts (a) and (b), and 
are useful for operating a polyphase device in response to 
cither of these quantities. The positive-sequence filter is 
uso useful for obtaining a balanced three-phase supply 
from un unbalanced (or single-phase) supply. The remain- 
_ Ing filters shown all have single-phase output. 

Parts (¢) and (d) are auto-transformer type voltage- 
segregating networks and parts (e) and (f) are the all-im- 

*Refer to Chapt. 2. 
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pedance type and require a special potential transformer 
connection. The star series transformer connection for ob- 
taining zero-sequence voltage is shown in part (g). Parts 
(h) and (i) are three-winding-reactor type current filters 
whereas parts (j) and (k) use an auxiliary current trans- 
former to produce the reactive drop due to B minus C cur- 
rent in a single-winding reactor. Note: The Type CRS 
negative-sequence directional relay uses filters (d) and (i) 
for negative-sequence voltage and current respectively. 

Parts (1), (m), (n), and (0) are all impedance-type cur- 
rent filters, (1) and (m) being suitable only when there is no 
zero-sequence current; (n) and (0) are not affected by zero- 
sequence current, but require double the number of current 
transformers. 

Part (p) is a zero-sequence current filter, which is merely 
the neutral connection of star-connected current trans- 
formers. 

A combination positive- and zero-sequence current- 
segregating filter is illustrated in part (q). This filter 1s 
used in the Type HCR pilot-wire relay.” The relative 
weighting of zero and positive sequence is determined by 
the relative magnitude of Ry and A;. For example, if it is 
desired that the same internal voltage E; be produced by 
one-tenth as much zero-sequence current as positive-se- 
quence current, the zero-sequence weighting factor / must 
be set equal to 10. Then the required value of Rp may be 
determined as follows: 


Ro = RRR, = 6.67R,; 


The relative phase positions and magnitudes of various 
sequence quantities of the reference or A phase vary with 
the type and phase of the fault. The response of a com- 
bination filter varies accordingly. Fig. 32 illustrates the 
relative positions and magnitudes of the vectors compris- 
ing the quantity [,+4J») on a system for which the ground- 
fault current is one-tenth of the phase-fault current, and 
using a zero-sequence weighting factor of k=15. The I; 
vectors have been magnified somewhat in the line-to- 
ground fault diagram to make them visible; their actual 


Fig. 32—Vectors comprising the relaying quantity I1+KI 
shown for K=+15. I, vectors magnified in line-to-ground 
fault cases. 
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(d) Negative-sequence-voltage segregating filter 
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Same as (h) except with b and c¢ leads *" R242 By atts 
crossed as shown dotted 2ZRI, 
*YR4+24Z 


(i) Negative-sequence-current segregating filter and relay 
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(j) Positive-sequence-current segregating filter 
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fay gh 
Same as (j) except b and ¢ Jeads crossed QRZ! 
as shown dotted Ey =Z'I, = zg 


E,=2RI, Z*=RAGR/V3 
(k) Negative-sequence-current segregating filter 
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Zt =/3 Re" =1.5R+j0.866R 
When R is pure resistance, then 
ACTUAL CIRCUIT EQUIVALENT CIRCUIT r=0.5F and ¥ =0.866R 


(1) Pos.-seq.-current segregating filter. For use only where there is no zero sequence. 
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If Ris pure resistance, then 
ACTUAL CIRCUIT EQUIVALENT CIRCUIT 7=0.45R and X =0.8664 


(m) Neg.-seq.-current segregating filter. For use only where there is no zcro seq. 


—3h 
baile tev 
. 7 ‘ ty BRE 
k fe Byy HZ <" FF qh 
i s By= -3hR1, 
Z* =V/3 Re! =1.5R+j0.866R 
If # is pure resistance, then 
ACTUAL CIRCUIT EQUIVALENT CIRCUIT 7r=0.5# and XY =0.8662 


(n) Positive-sequence-current segregating filter. With (or without) zero sequence. _ 


: TI Jaqdeyy 


PLE 


UoynIddYy Layvarg-jnI49 pun hoary 


_-y VB e730" 
“N LE 
73 @—J30°Z" 
Ey =Z'1, =~ 
ay Oe EN 
; Be —I80° 
BE; = ve Bs 
Z* =0.5R+j0.289R 
When R is pure resistance, then: 
aLit r=0.5R and X =0.866R 
idee aad: Spree ero (Note: Requires Special Poten- 
tial Transformer Connection) 
(e) Positive-sequence-voltage segregating filter 
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5 ACTUAL CIRCUIT EQUIVALENT CIRCUIT r=0.5h and X= 0.866K 
(Note: Requires Special Poten- 
tial Transformer Connection) 


(f) Negative-sequence-voltage segregating filter 
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ACTUAL CIRCUIT EQUIVALENT CIRCUIT 


(g) Zero-scq.-voltage segregating filter (otherwise called star-series transformer con- 


nection) 
z xt 
> nr 
CURRENT , TRANSFORMERS . 
[3] Exy Zz 
CIRCUIT BREAKER 
TRANSMISSION LINE hie 


y 
EQUIVALENT CIRCUIT 


2k, 


he 7G E;=-2RI, 
22'R 
By = — Fgh Z=R+2z 


z =Self impedance of indicated wind- 
ing of three-winding reactor as 
would be measured with other 
two windings open circuited. 

Note: A three-winding reactor is 

used having a mutual reactance 
R//3 between each of the b and c 
phase windings and the metering 
circuit winding. 

(h) Positive-sequence-current segregating filter and relay 
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ZtaV/3 Rev" 
If /¢ is pure resistance, then: 
ACTUAL CIRCUIT EQUIVALENT CIRCUIT r=0.5/ and X =0.86628 
(o) Negative-sequeuce-current segregating filter. For use when zero-sequence current 
is (or is not) present. 
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ACTUAL CIRCUIT EQUIVALENT CIRCUIT 


Note: Residual or neutral cur- 
rent is three times the zero- 
sequence current. (1, =3o) 

(p) Zero-seq.-current segregating filter (Neutral or star-connected current transformers) 
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z=Self impedance of indicated wind- 
ing of three-winding reactor. 
(q) Combined pos-seq.-current. and weighted zero-seq.-current segregating filter 
R**=Reference impedance of filter. 
Z=Impedance of equivalent circuit 
of filter. 
’=Impedance of connected burden. 
X =Polarity marks. 
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EQUIVALENT CIRCUIT 


ACTUAL CIRCUIT 


General Equations and Nomenclature 


E, _Eataky +a7E¢ L alatalota7le ,— Internal voltage of equivalent cir- 

3 3 cuit of filter. 4 

2 2 I.= Current in burden, 
E2= ae lL —lota?lo tale Ex, = Voltage at burden terminals, tak- 
3 3 ing into account regulation in the 
Eo+Eot+Ec Totiot+I. filter. For maximum power out- 
Eo= 3 Io= 3 put from a given filter make 
Ze i ae | ae Z'=Z. For maximum power out- 
PLUS TINO OO: ie CSI 808 put froma given filter feeding in- 
Ps E; E..=-LZ'=-E Z' to a pure resistance ‘burden 
a ZZ! ey ~— Axe = 'Z+Z' (Z’=R’) make 


R’=Z. 
N<Current transformer or potential 
transformer ratio as indicated. 


Fig. 31—Typical sequence segregating networks. 


*More generally Z is the impedance measured on the terminals z, y with the burden Z’ disconnected 
and the applied voltages F., Ey, E. set equal to zero (or applied currents Ja, Zs, Ie made zero 
by open circuiting corresponding leads in the case of current filters). This includes in the proper 
manner the impedances of the potential or auxiliary current transformers. The values of Z 
given above are based on the use of ideal potential and auxiliary current transformers having 


zero leakage impedance and zero exciting current. . 

*#/?, the reference impedance of the filter may be any vector value or a pure resistance. The other 
filter impedances must take corresponding values as indicated by their defining equations. 
They are resistances and reactances as indicated by the symbols on the diagrams only when 
the reference impedance, 7, is pure resistance, 
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length being one-fifteenth of the kJ) vector. The combina- 
tion, [;-+k/o, is the discriminating quantity used in the 
Type HCB pilot-wire relay which in effect totalizes the 
two ends of the circuit. It isa single quantity having, fora 
majority of systems, a much greater value for fault condi- 
tions than for load conditions and thus is an ideal discrim- 
inating quantity. 


24. Reclosing 


Many of the faults occurring on power systems are tran- 
sient in nature and if the circuit is opened momentarily, 
permitting the arc to become extinguished, the circuit can 
be reclosed successfully. The necessary power-off time for 
deionization of the arc is given in Chapt. 13. For example, 
Logan and Miles* have found that on the Georgia power 
system the number of successful reclosures is as follows. 


Number of trip-outs....... 10090 100% 
Successful reclosures 
Ist immediate.......... 8400 83.25% 
2nd 15-445 seconds. ..... 1084 10.05% 
3rd 120 seconds......... 143 1.42% 
Circuit leckouts.......... 553 5.28% 


This knowledge is used in a variety of ways. Many ra- 
dial distribution feeders are provided with reclosing relays. 
A very common arrangement, using the Type RC reclosing 
relay shown in Fig. 33, provides for one immediate and sev- 


Fig. 33—The Type RC reclosing relay. A single instantaneous 
plus several time-delay reclosures can be initiated with this 
relay. 
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eral time-delay reclosures. In the event of a tripout after 
the third reclosure the line is locked out until the relay js 
reset manually. However if the line “holds,” even on the 
third “try,” the reclosing relay resets automatically, and js 
prepared to repeat the same performance at a later 
time. 

For a feeder sectionalized by a number of fuses, the re- 
placement of a fuse involves a service trip. However, an 
opening and reclosing operation interrupts the current, be- 
fore any fuses blow, and if the fault is transient, the service 
trip is avoided. 

“Single-shot” reclosing which is also widely used may be 
accomplished by the Type SGR-12 reclosing relay. Ag 
shown by Logan’s data, it takes care of the large propor- 
tion of cases. Also a self-reclosing single-pole circuit 
breaker is used principally on single-phase feeders to per- 
form the single-shot reclosing function without the use of 
relays. Multiple-shot fuses are also used but require de- 
jayed action of subsequent fuses and necessitate refilling 
manually after each operation. 

On tie lines or single lines serving important industrial 
loads reclosing is used for quite another purpose, namely, 
to keep the systems from going out-of-step or to prevent 
loss of essential loads. This phase of the problem is covy- 
ered in Chapt. 13. 


III. CONTROL SCHEMES 


To secure the system benefits expected from the circuit 
breakers and protective relays, it is essential that the con- 
trol scheme used result in prompt and reliable tripping of 
the circuit breaker when the relays indicate a fault within 
their protective zone. Two factors are involved: a reliable 
source of control power, and a scheme that permits the 
breaker to trip free in spite of all manual or automatic 
closing agencies. 

A control battery provides the most reliable source of 
tripping energy, and is connected to the shunt-trip coil 
by the protective relay contacts as shown in Fig. 34. As 


CIRCUIT BREAKER 
BATTERY 
Hilti 


~4— TRIP COIL 


AUX SWITCH RELAY CONTACTS | 


CURRENT TRANSFORMER 


Fig. 34—A protective relay and circuit breaker. When the 5 


breaker opens, the auxiliary switch interrupts the trip circuit 3 4 


to prevent burning of the relay contacts. 
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the circuit breaker opens, the trip circuit is broken by an 
auxiliary switch linked to the circuit breaker. 


25. Electrically Trip-Free Scheme 


Fig. 33 shows a typical circuit-breaker control scheme, 
one of the several commonly used, known as the X-Y relay 
scheme. A station battery provides power for closing and 


NEG 
Fig. 35—-The X-Y scheme of circuit breaker control using a 
battery. 
C—Closing contact of control switch. 
T—Tripping contact of control switch. 
X—Closing contactor or relay. 
CC—Closing coil of main circuit breaker. 
Y—Releasing contactor or relay. 
P—Typical protective relay contact. 
B—Auxiliary switch (closed when main circuit breaker is closed). 
TC—D-C shunt trip coil of main circuit breaker. 


tripping. The control switch merely controls the applica- 
tion of battery power to the closing solenoid or shunt-trip 
coil as desired. The protective relay, when it operates, ap- 
plies battery power to the shunt trip coil. 

The X-Y relay scheme prevents pumping and makes the 
circuit breaker electrically trip-free. The closing contact of 
the control switch picks up the X relay that energizes the 
closing solenoid of the circuit breaker. As the circuit 
breaker reaches its closed position, an auxiliary switch B 
energizes the Y relay that seals in through its own front 
contacts. The Y relay contacts shunt the X relay, which 
opens and interrupts current to the circuit breaker closing 
solenoid. 

If the circuit breaker trips automatically when it is 
closed in on a fault, it will open and will not reclose even 
though the operator holds the control switch in the closing 
position. The X relay remains shunted by the Y relay un- 
til the control switch is returned to the neutral position. 

The trip-free relay scheme! provides a similar action 
through the use of a specially designed contactor for con- 
trolling the heavy current to the breaker-closing solenoid. 
The moving contact assembly of this contactor is tripped 
free from the operating armature by a release coil energized 

- by an auxiliary switch when the circuit breaker reaches its 
closed position. Thus even though the closing contact of 
the control switch or of an automatic closing device re- 
Mains closed, thercby holding the operating armature 
closed, the circuit to the closing solenoid of the circuit 
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breaker remains open after the circuit breaker has once 
closed in and tripped out. This situation continues until 
the control switch is restored to neutral or the closing con- 
tact of the automatic device opens. 


26. Mechanically Trip-Free Arrangements 


If a circuit breaker is to be closed manually against a 
possible fault, it should be mechanically trip-free from the 
closing linkage. The mechanically trip-free feature pro- 
vides somewhat faster tripping for three reasons. First, 
the circuit breaker contacts can be tripped free anywhere 
in the closing stroke without waiting for the closing current 
to be cut off before acceleration towards the open position 
can start. Second, with the contacts tripped free from the 
closing solenoid the mass to be accelerated is less. Third, 
because of eddy currents the flux in the closing solenoid 
does not decay immediately when the circuit is opened; 
thus there is appreciable magnetic retardation in the open- 
ing of a mechanically non-trip-free breaker which has just 
been closed. 

High-speed reclosing requires that the circuit breaker be 
mechanically non-trip-free so that the contact motion can 
be arrested before the full open position and the breaker 
closed again. To meet this need without encountering de- 
layed opening if the reclosure takes place on a permanent 
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Fig. 36—A-C tripping schemes. 
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fault, a mechanism has been designed that is mechanically 
trip-free on the second opening but not on the first, except 
when the circuit breaker is initially closed. 


27. A-C Tripping 


Tn less important locations, where the cost and main- 
tenance of a control battery is not justifiable, various forms 
of a-c tripping are employed for the smaller, lower voltage 
circuit breakers. Some of the more desirable of these are 
shown in Fig. 36. 

The series-trip and transformer-trip schemes are used 
where the accurate magnitude and timing characteristics 
of a protective relay are not required. The transformer 
trip is used where the primary voltage or current is too 
great for the series trip. 

The capacitor trip and a-c shunt trip require a source of 
a-c control power. The capacitor trip is much to be pre- 
ferred in most cases because its ability to trip is not im- 
paired by the momentary drop in voltage at the time of a 
fault. The a-c supply is taken from the source side of the 
circuit breaker so that the capacitor is charged before the 
circuit breaker is closed. A-c shunt tripping can be used 
only where the reduction of voltage at time of fault on the 
protected circuit will not prevent tripping by some trip- 
ping agency. 

The circuit-opening relay scheme and the tripping-trans- 
former scheme are similar to the transformer-trip scheme 
in that the line current transformer supplies the trip-coil 
energy. However, a protective relay is added and must be 
supplied by the same or by a different current transformer. 
The trip coil imposes a heavy burden on the current trans- 
former, and there is a definite lower limit to the primary 
current at which tripping can be secured. The relay must, 
of course, be set above this value. 


IV. APPLICATION OF CIRCUIT BREAKERS 


The application of circuit breakers to power and lighting 
circuits involves the choice of the type of breaker and its 
mounting or housing as well as determination of the specific 
ratings required for the particular service. 


28. Typical Circuit Breaker Construction and 
Practice 


Low Voltage Circuit Breakers—Circuit breakers 
intended for service on a-c circuits up to 1500 volts and 
d-e circuits up to 3000 volts are classified as low-voltage 
breakers. For such service air breakers have many ad- 
vantages and are generally used in preference to oil 
breakers. They are inherently fast in operation, free from 
fire hazard, require little maintenance on repetitive service, 
and, because of the low voltage, are simpler, more com- 
pact, and easier to handle than oil breakers. 

For low-capacity branch lighting and utility circuits 
such as are found in commercial and public buildings, 
small, molded case “thermal-breakers” are grouped in 
panelboards such as that shown in Fig. 37. Such breakers 
are usually operated manually and are available in ratings 
up to a maximum of 600 amperes load current and 25 000 
amperes interrupting current. They provide automatic 
inverse-time overload tripping to protect circuit wiring 
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Fig. 37—Low-voltage distribution panelboard. 


against overloads and short-circuits. Separate protective 
equipment is required for utilization devices such ag 
motors. 

For more important and higher capacity circuits, metal- 
enclosed, drawout assemblies of air circuit breakers, as in 
Figs. 38 and 39, are used. Typical applications are found 
in main feeders of the lighting and utility circuits de- 
scribed above, and for the low-voltage power circuits of 
such buildings as well as industrial plants and generating 
stations. These breakers may be operated either manually 
or electrically (under some conditions only electrical op- 
eration is recommended) and may be obtained with direct- 
acting series overload trips or relays which will give selec- 


Fig. 38—-1600 ampere, 600 volt, Type DB-50 air circuit breaker 
—50,000 amperes interrupting capacity. 
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ou es ibid rae Noes we Sin cand 
Fig. 39—Typical installation of low-voltage, metal-enclosed 
switchgear. 


tive isolation of a faulty circuit. The metal-enclosed gear 
is factory assembled and tested and provides maximum 
reliability, safety and ease of maintenance with minimum 
interruption to service. These breakers may be used to 
provide control as well as running overload and short- 
circuit protection for individual motor circuits. 

liven where unusual atmospheric conditions are en- 
countered (see Sec. 30), low voltage air breakers may be 
used if they are mounted in suitable sealed enclosures. 

Power Circuit Breakers — Medium Voltage — 
Circuit breakers intended for service on a-c circuits above 
1500 volts are classified as power circuit breakers. 


Fig. 40—Magnetic type air, circuit breaker—4160 volts, 
mva interrupting capacity, type 50-DH-150. 


150- 
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Fig, 41—Typical metal-clad drawout switchgear for 13.8 kv 
indoor service. 


For indoor service at from 1.5 to 15.0 kv and up to 500 
mva interrupting duty, magnetic-type air breakers in 
metal-clad assemblies have become predominant, although 
metal-clad oil breakers are also used under adverse atmos- 
pheric conditions. A typical breaker and assembly are 
shown in Figs. 40 and 41. Although interrupting time and 
space required are the same for medium voltage air and 
oil breakers, the freedom from oil-fire hazard and lower 
maintenance on repetitive service are distinct advantages 
of the air breakers. Many such breakers are used, both 
for power and lighting feeders and to control individual 
large industrial or powerhouse-auxiliary motors. 

For indoor service at interrupting ratings above 500 
mva, and for any rating at voltages between 15 and 34.5 


Goren 
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Fig. 42—Compressed air circuit breaker in station cubicle— 
15-H ky insulation class. 
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kv, compressed-air breakers mounted in station cubicles 
have become standard. A typical unit is shown in Fig. 42. 

Circuit-breaker practice in outdoor substations is more 
varied than in indoor service because there is a greater 
range in the requirements. In rural and outlying substa- 


in pee 


Fig. 43—Installation view of outdoor 23 kv, 250 000 kva, oil 
circuit breakers. 


Fig. 44—Typical outdoor coordinated unit substation. 
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tions both normal load and interrupting kva are relatively 
low, and such factors as fire hazard, space requirements, 
appearance and rapid maintenance may not be critical. 
For such service frame-mounted oil breakers with open 
buses and disconnecting switches are frequently used be. 
cause of lower cost. A typical installation is shown in Fig 
43. 

For suburban and urban outdoor service up to 15 kv and 
up to 500-mva interrupting duty the many advantages of 
metal-clad oil-less switchgear (freedom from oil-fire haz- 
ard, compactness, appearance, ease of maintenance and 
flexibility) have resulted in the use of such gear for the 


frame-mounted, oil circuit 


1000-mva, 
breakers. 


majority of these substations. The metal-clad gear is 
usually throat connected to the transformer(s) although 
roof bushings are sometimes used, especially with single- 
phase transformers. A typical installation is shown in Fig. 
44. The cost comparison between open gear and metal 
clad varies with the voltage and kva rating, the type of 
open structure used, the cost of real estate, the labor facili- 
ties of the utility, and the method used in estimating over- 
head and fixed charges. 

Oil circuit breakers are used where severe atmospheric 
conditions are encountered, either frame mounted or in 
metai-clad structures. 

For outdoor service at interrupting ratings above 500 
mva and for all interrupting ratings at voltages between 
15- and 34.5-kv, oil breakers are essentially standard. A 
typical installation is shown in Fig. 45. 

High-Voltage Breakers—Almost all circuit breakers 
rated above 34.5 kv are mounted outdoors and are oil 
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Fig. 46—230-ky, 3500-mva, floor-mounted, oil circuit breaker. 


breakers of the grounded metal-tank type. Pneumatic 
operating mechanisms predominate and these can be ar- 
ranged to give 20-eycle reclosing. A 230-kv installation is 
shown in Fig. 46. 

Some experimental installations have been made of air- 
blast and oil-poor breakers at high voltage and a table of 
ratings for such breakers has been included in the stand- 
ards as a guide for development. At the present time it is 
difficult to produce and install an oil-less outdoor breaker 
having current transformers and potential devices to com- 
pete economically with conventional oil breakers. There 
is also the hazard of fragile porcelain structures. So far 
there is no definite indication of the place such breakers 
will fill in normal practice. 


29. Standard Ratings of Circuit Breakers 


The standard ratings of the several classes of circuit 
breakers are defined in ASA, ALEE, NEMA, and Under- 
writers Laboratories standards. 1%'! It is not the 
intention here to review these ratings in detail, only to 
discuss the principal factors involved in the selection of a 
circuit, breaker for a particular application. 

Rated Voltage—In general a circuit breaker is given 
i rated voltage which designates the maximum nominal 
System voltage for which the breaker is intended and also 
maximum design voltage which designates the maximum 
Operating voltage for which it is intended. For certain 
low-voltage breakers this distinction is not made and rated 
Voltage should be taken as maximum. Standard voltage 
tings of power circuit breakers are in terms of three- 
Phase line-to-line voltage. 
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Standard values of rated voltage are based on operation 
at altitudes of 3300 feet or less. Standard equipment may 
be operated at higher altitudes if the maximum operating 
voltage is not more than the maximum design voltage 
times a correction factor, as follows: 


Altitude in Feet Voltage Correction Factor 


3300 1.00 
4000 0.98 
5000 0.95 
10000 0.80 


Operation at altitudes other than those listed is covered in 
AIEE #1B but operation above 10 000 feet should be given 
special consideration because of possible influence of alti- 
tude on interrupting capacity. 

Rated Impulse Withstand Voltage—Impulse rat- 
ings of standard power circuit breakers are listed in ASA 
C 37.6. A correction (the same as that given above for 
rated voltage) should be made for the effect of altitude 
above 3300 feet on impulse strength. No such ratings are 
given for low-voltage air breakers because such breakers 
are seldom exposed to impulse voltages. When necessary, 
impulse strength could be taken as the crest of the 60-cycle 
test voltage." 

The surge protection of the system should be coordi- 
nated with the impulse strength of the breaker, both across 
the open contacts and to ground. Attention should also 
be given to increase in surge voltage because of reflections 
which occur at breakers when their contacts are open, 
especially where cables are involved. 

Frequency—Standard power circuit breakers are 
rated at 60 cycles. Service at other frequencies must be 
given special consideration. Although standard 60-cycle 
power circuit breakers are given corresponding continu- 
ous-current ratings for 25-cycle service, other ratings 
(e.g. interrupting capacity) must be checked and acces- 
sories must be made suitable. Low-voltage breakers are 
listed for 60-cycle service and for direct current. Service at 
other frequencies requires special consideration. 

Rated Continuous Current—This rating is based 
on operation of the circuit breaker or switchgear assembly 
where the ambient temperature (measured outside the 
enclosure where such is supplied) does not exceed 40°C and 
the altitude does not exceed 3300 feet. Operation in higher 
ambient temperature must be given special consideration. 
Molded-case, thermal-trip, low-voltage circuit breakers 
are calibrated on the basis of an ambient temperature of 
25°C. Operation in ambient temperatures other than 
25°C will affect the tripping characteristic and must be 
taken into consideration. Standard equipment may be 
operated at higher altitudes by reducing the continuous 
current rating in accordance with the following table. 


Altitude in Feet Current Correction Factor 


3300 1.00 

4000 0.996 

5000 0.99 
10000 0.96 


Rated Interrupting Current—Rated Interrupt- 
ing Mva—Operating Duty—Interrupting Time—The 
rated interrupting current of a power circuit breaker is 
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based on the rms total current in any pole of the breaker 
at the time the breaker contacts part. (Note that this time 
may be considerably shorter than the interrupting time.) 
The correct value of rated interrupting current for an op- 
erating voltage other than rated value can be calculated by 
the following formula: 

Amperes at operating voltage=amperes at rated volt- 
rated voltage 
operating voltage. 
course, not exceed the maximum design voltage. Also, no 
matter how low the voltage, the rated interrupting current 
is not increased above the rated maximum interrupting 
current, Standard rating tables! give the value of rated 
interrupting current at rated voltage as well as the rated 
maximum interrupting current and the corresponding 
operating voltage. Over this range of voltages the product 
of operating voltage and current is constant and this pro- 
duct times a phase-factor is called rated interrupting mva. 
For 3-phase circuits the factor is 1.73, for 2-phase circuits 
2.0, and for 1-phase circuits 1.0. However, standard 
breakers are rated only on a three-phase basis and rules 
are provided (given later in this chapter) for determin- 

ing the equivalent three-phase interrupting ratings. 

The above values of rated interrupting current are based 
on specified conditions of circuit recovery voltage, breaker 
performance, and also on standard operating duty. For 
power circuit breakers rated 50 mva and higher (“oil-tight 
or oil-less”) this consists of two unté operations (CO) sepa- 
rated by a 15-second interval. Each unit operation consists 
of breaker closing followed by its opening without inten- 
tional time delay. This standard operating duty is desig- 
nated by the expression, CO+15 sec.+CO. For power 
circuit breakers rated 25 mva and lower (“non-oil-tight”) 
the standard operating duty consists of two unit opera- 
tions separated by a two-minute interval (CO+2 min. + 
CO). For any other operating duty the standard inter- 
rupting ratings should be reduced in accordance with rules 
given in NEMA standards. The following revision of the 
current rules is now being recommended by AIEE to ASA. 


age x Operating voltage should, of 


NEMA STANDARDS—RECLOSING DUTY CYCLE FAC- 
TORS FOR OIL-TIGHT AND OIL-LESS POWER CIRCUIT 
BREAKERS—REVISION OF 11/17/49 


SG-6-90 BREAKER RATING FACTORS FOR RECLOSING 
SERVICE (Rev.) 


A. The interrupting ratings of power circuit breakers may be 
reduced for operating duty cycles other than the standard, CO 
+15 See.+CO (See SG6-40, Par. B) to enable them to meet the 
standard of Interrupting Performance. (See SG6-40, Par. C) 
Note: Such factors do not apply to highly repetitive duty at or 

near the continuous rating of the breaker. 


B. For purposes of this section, the following duty cycles shall 
be considered as representing the Usual Duty Cycles for Re- 
closing 

Reclosing Duty Cycle I O+15 Sec. **+CO+15 Sec.** 
+CO+15 Sec.**+CO 

Reclosing Duty Cycle II 0+0 Sec.*-+CO 

Reclosing Duty Cycle III O+0 Sece.*+CO+15 Sec.** 
+CO+15 Sec.**+CO 

*Zero seconds shall be interpreted to mean no intentional time 
delay. 

**15 seconds or longer. 
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MR 1S SECONDS OR LONGER. 


Fig. 47—-Breaker rating factors for the usual reclosing duty 
cycles. 


C. The Breaker Rating Factors for the Usual Reclosing Duty 
Cycles are obtained by reference to Figure 47. This gives the 
percentage rating factor for the duty cycle in question at the 
rated interrupting current at the circuit voltage of the system to 
which the breaker will be applied. 


D. The breaker interrupting rating at the specified reclosing 
duty cycle is obtained by multiplying the rated interrupting 
amperes by the rating factor. 


Example: Determine the interrupting rating of a 34.5 kv, 
1000-mva breaker used at 23-kv on Reclosing Duty Cycle I. 

1. Breaker Interrupting Rating on Standard Duty Cycle: 
17 000 Amperes at 34.5-kv 
25 000 Amperes at 23 kv 
2. Figure 1, Curve A, gives a rating factor of 91.5 percent at 
25 000 amperes for reclosing duty cyele I. 
3. Breaker Interrupting Rating on Duty Cycle I at 23 kv 
=Rating Factor, 91.5 percentx25 000 Amperes = 22 900 
Amperes. 


E. Breaker Rating Factors for Other Than the Usual Re- 
closing Duty Cycles 
1. The standard for the number of operations is two (2). 
Additional operations increase the duty on the contacts and 
therefore a rating factor is applied to enable circuit breakers 
to meet standards of interrupting performance. (See SG6-40, 
Par. C) 
(a) For Three Operations—Use mean factor between 2 and 
4 operations, (Standard and Duty Cycle I). 


Example: 0+15 See. +CO+15 Sxe.+CO 
% Factor =97 for 20 000 Amperes 


(b) For Five Operations—Use Factor obtained by re- 
ducing that for 4 operations (Duty Cycle I) by difference 
between 2 and 4 operations. 


Example: O+15 See.+CO+15 Sec.+CO+15 See. 
+CO+15 Sec.+CO 
% Factor =94—6=88 for 20 000 Amperes 


2. The standard for the interval between operations is 15 
seconds. Reducing this interval increases the interrupting 
duty and therefore a rating factor is applied to enable 
breaker to meet standards of interrupting performance. 
(See SG6-40 Par. C) 
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(a) For Two Operations—Reduce 100 percent factor for 
15 seconds by an amount equal to proportionate part of the 
reduction for zero interval as determined by the ratio of the 
times. 


Example: O-+5 See. +CO 
% Factor = 100 —3(100 —94) = 96 for 20 000 
Amperes 
(b) For Four Operations—Multiply the factor for Duty 
Cycle I by the appropriate factor determined under para- 
graph 2 (a) for each interval less than standard. 
Ixample: O+5 Sec. +-CO+5 Sec.+-CO+5 Sec.+CO 
% Factor =94 96 X 96 96=83 for 20 000 
Amperes 
(c) For Three or Five Operations—Use combination of 
Rule 1 and Rule 2 (a) applied for each interval. 
Example: 0+4 Sec.+CO+5 Sec. +C 
% Factor =97 X96 X96 =89 for 20 000 Am- 
peres 
3. The usual instantaneous reclosing cycles are Duty Cycles 
IT and III. Variations are in the number of operations. 


(a) For Three Operations—Use mean between factors for 
Duty Cycles II and IIT. 


Example: O+0 Sec. +CO+15 See. +CO 
94485 395 for 20000 Am- 


&% Factor= 


peres 

(b) For Five Operations—Use factor by reducing that for 

4 operations (Duty Cycle IIT) by difference between 2 and 

4 operations. 

Example: O-+0 Sec.+CO+15 Sec. + CO+15 Sec. +CO 

+15 See.+CO 
Y, Factor = 85— (94 —85) =76 for 20 000 
amperes 


The reclosing duty cycle factors for breakers rated 25 
mya and below (non-oil-tight circuit breakers) are given in 
Table 5. 


TABLE 5*-—- RECLOSING Duty CYCLE FACTORS FoR NON OIL- 
TIGHT OIL POWER CIRCUIT BREAKERS 


Percentage of 
Standard Inter- 
Duty Cycle rupting Capac- 
ity Rating 

B—CO+2 min. +CO.....0 0000000 c cee eee 100 
C—CO+2 min. +CO+2 min. +CO+2 min. +CO 70 
D—CO+30sec.+CO+30 see. +CO+30sec.+ CO 60 
“*E—CO-+0 sec. +CO+0 sec. +CO+0 sec. +CO.. 25 
F—300 cycles CO at 15-min. intervals......... 30 
“*G—CO +0 see. +CO430 sec. +CO+75 sec. +CO 30 
H—CO + I5sec. +CO +30sec. +CO+75sec. +CO 40 
I—CO+60 see. +CO+60 sec. +CO........... 70 
J—CO+15 see. +CO.. 0c eee ees 60 


ci Note—The standard operating duty (duty cycle) for non oil-tight oil power 
'reuit breakers is 2-CO operations with a 2-minute interval. 
*Reproduced from NEMA 46-116, SG6-90. 
Zero seconds shall be interpreted to mean no intentional time delay. 


The interrupting time of a power circuit breaker is the 
Maximum interval from the time the trip coil is energized 
4t normal control voltage until the arc is extinguished. 

his time is published for standard power breakers for 
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the interruption of currents from 25 percent to 100 per- 
cent of the rated value. 

The interrupting rating of low-voltage air circuit breakers 
is based on the rms total short-circuit current which would 
occur at the end of 1% cycle at the breaker location if the 
line terminals of the breaker were short-circuited. The 
impedance of the breaker which interrupts the circuit 
should not be included in calculating the interrupting duty. 
Also, for three-phase a-c circuits the breaker rated inter- 
rupting current should be chosen on the basis of the aver- 
age of the currents in the three phases. For single-phase 
circuits the average current which would occur for three 
successive short-circuits should be used. For average sys- 
tems the average 3-phase or 1-phase rms total current will 
be equal to 1.25 times the initial subtransient symmetrical 
current. 

Low-voltage air breakers for d-c service are also applied 
on the basis of the short-circuit current without the breaker 
in place; however, the maximum current is measured. 

The standard rated interrupting current of low-voltage 
air circuit-breakers is based on a standard operating duty 
designated O+2 min+CO. The breaker opens the circuit 
and, after a 2-minute interval, is reclosed on the fault, 
which it opens without purposely delayed action. 

For other interrupting duty the standard interrupting 
rating should be multiplied by factors given in Table 6. 


TABLE 6**— OPERATING DUTY FOR RECLOSING SERVICE 
For LARGE AIR CIRCUIT BREAKERS 


Percentage of 

Duty Cycle Published Inter- 

rupting Rating 
B—O+2 min. +CO...........00......0000005. 100 
C—O+2 min. +CO+2 min.+CO+2 min.+CoO.. 70 
D—O +30 sec. +CO +30 sec. +CO+30 sec. +CO.. 60 
*E—O-+0 sec. +CO+0 sec. +CO+0 sec. +CO.... 25 
F—300 cycles CO+15 min. intervals. .......... 30 
*G—O +0 sec. +CO+30 sec. +CO+75 sec. +CO.. 30 
H—O +15 see. +CO+30 see. +CO+4+75sec.+CoO.. 40 
I -O0+60 sec. +CO-+60 see. +CO......00.00... 70 
J—O+15 see. 4+CO.... 0 ee. 60 


*Zero seconds shail be interpreted to mean no intentional time delay. 

**Copied from SG7-63 of NEMA std. 46-109. 

NoTE-—Derating factors are not available for automatic reclosing service on 
d-e circuits. Circuit breakers designed for the purpose are ordinarily required. 


This table does not apply to molded-case breakers be- 
cause they are not used on reclosing service. 

Rated Momentary Current—The maximum rms 
total current (including the d-c component) through a 
breaker, measured during the maximum cycle, should not 
exceed the rated momentary current. For power circuit 
breakers this rating applies to each pole of the breaker 
taken individually and for the worst condition of asym- 
metry. 

Rated Four-Second Current—A four-second cur- 
rent rating is given for power circuit breakers based on the 
rms total current measured or calculated at the end of one 
second. For standard breakers it is numerically equal to 
the rated maximum interrupting current, and 1/1.6 times 
the momentary current. For normal circuits this means 
that the permissible duration of the maximum permissible 
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fault current is four seconds. No current rating is given 
for times longer than four seconds but less than continu- 
ous. 

No similar short-time rating is given for low-voltage 
breakers because such breakers are normally equipped with 
direct acting series overload trips. 

Rated Making Current—This rating is given to 
power operated power circuit breakers only. No provision 
is made for manual closing of oil-less breakers or for oil 
breakers above 250 mva. It is essentially a design require- 
ment to preclude welding of contacts or other undue dam- 
age when a breaker closes on a fault. It is required that 
the breaker “be immediately opened without purposely 
delayed action.” 

The values of momentary and making-current rating for 
present standard breakers have been so selected that these 
ratings will not normally limit application of the breakers 
when they are applied in accordance with the recom- 
mended “simplified procedure,” which will be described 
Jater in this chapter. An exception may occur where 
motors produce a large portion of the fault current. 
Breakers may also be applied on the basis of decrement 
curves or detailed calculations and, under unusual condi- 
tions or in existing installations, momentary current may 
be the limiting rating of the breaker. 

Rated Latching Current — This rating is distin- 
guished from rated making current in that the breaker must 
latch when it closes on a fault of the specified rms total 
current magnitude. Thus delayed tripping is permissible 
within this rating if the magnitude, duration, and opera- 
ting duty are within the short-time and interrupting rat- 
ings. For present standard power circuit breakers the 
latching current rating is numerically equal to both the 
four-second rating and the maximum interrupting current 
rating. However, the latching current is measured during 
the maximum cycle whereas the interrupting rating is 
measured at the time the contacts part and the four- 
second rating is measured at the end of one second. 

Reclosing Time—For outdoor reclosing oil-circuit 
breakers standard and fast reclosing times are shown in 
Table 7. These values apply only to breakers which have 
a continuous current rating of 1200 amperes or less when 
operated in conjunction with an automatic reclosing 
device. 


TABLE 7*—RECLOSING TIME FOR OUTDOOR RECLOSING 
OIL CIRCUIT BREAKERS (60-CYCLE BASIS) 


Reclosing 


Rated Voltage Time-Cycles 


Standard] Fast 


7.5 to 23 kv incl. (under 500 mva)............ 30 30 
15 to 23 kv incl. (500 mva and higher)....... 45 30 
34.5 to 69 kv incl. (500 mva and higher)....... 45 20 

115 to 230 kv incl. (500 mva and higher)...... 30 20 


Nore 1—These time values assume rated control voltage or operating pressure 
maintained at the mechanism. In case the control voltage or pressure drops to 
90 percent of rated voltage or pressure, the reclosing times will be increased to 110 
percent of that tabulated. 

Nore 11—Reclosing time for oil-less breakers has not yet been standardized. 

*This table was reproduced from NEMA standard 46-116 SG6-95, 
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30. Selection of Circuit Breakers for Specific Sys. 
tem Conditions 

General—The great majority of circuit breakers are 
applied as three-pole, gang-operated breakers in three 
phase power systems which are ungrounded or grounded at 
the neutrals of generators or transformers. Consequently 
the standard ratings of most circuit breakers are given 
on this basis. For such an application it is sufficient (in gq 
far as rating is concerned) to select a breaker such that 
none of its standard ratings will be exceeded under any 
condition of system operation. 

For example, the voltage rating should include allow. 
ances, where applicable, for such factors as line voltage 
regulation, shunt or series capacitance, overexcited or 
overspeed operation of synchronous machines, line-drop- 
compensation of tap changers or feeder voltage regulators 
and the operation of transformers on tap positions other * 
than the nominal values. Both voltage and continuous cur- %& 
rent ratings should take into account futureloadgrowthand 3 
the contingencies associated with circuit or apparatus * 
outages. The various ratings associated with interruption 4 
of faults should include allowances for increase in genera- : 
tion, addition of parallel circuits or transformers, and any i 
other system changes which would increase interrupting { 
duty. The calculation of fault currents and their inter- 
pretation in terms of interrupting ratings will be con- 
sidered separately in Sec. IV. $ 

System frequency will usually be substantially constant * 
at 60-cycles. Operation at other frequencies or at varying 
frequency requires special consideration. 

The interrupting time of the circuit breakers themselves |. 
is subject to choice in few cases. Considerations of transi- ,: 
ent stability may dictate one or another type of relaying 
system in order to obtain sufficiently fast clearing. How- 


FF: 


ret 
mi 


a. 
> 


ever, considerations of system operation and stability may 
or may not call for fast reclosing, and a choice should be 
indicated. 4 

Determination of Equivalent Three-Phase Volt- 
age and Interrupting Ratings—The standard rat- *% 
ings of most power circuit breakers are given in terms 3° 
of three-pole breakers for three-phase systems. These volt- 
age ratings are based on the line-to-line voltage of the 
circuit, and the interrupting ratings are given in amperes 
and approximate three-phase kva. In order to select the 
proper 1-, 2-, 3-, or 4-pole circuit breaker for special ser- |. 
vices on three-phase circuits, and for use on two-phase 
and single-phase circuits, the equivalent three-phase 4 
breaker rating can be determined from Tables 8, 9, and 
10. 

First, the three-phase voltage rating of the breaker type 2 
must be equal to or greater than the voltage determined 
from column 5 of the tables. 

Second, make a tentative breaker selection on the basis 
of equivalent three-phase kva in accordance with column g 
6 of the tables. If the computed equivalent three-phase J 
kva is more than 95 percent of the approximate kva rating} 
of the breaker type a further check must be made. In such; 
cases the product of rated voltage times rated interrupting: 
current times 1.73 (standard three-phase ratings) must¥ 
equal or exceed the equivalent three-phase kva calculated; 
in column 6, y 


—— 
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TABLE 8— DETERMINATION OF EQUIVALENT THREE-PHASE VOLTAGE AND INTERRUPTING RATINGS FOR THREE-PHASE SYSTEMS 


Select a breaker whose ap- 
proximate 3-phase kv-a. inter- 
Select a breaker whose volt-| rupting rating is equal to or 
; Typi i No. of age rating is equal or greater| greater than the value as de- 
Line ypical System Connections Type of Breaker than the equivalent 3-phase| termined below. 
No. System Poles voltage (V3) as determined] I =Required interrupting cur- 
below. rent at service voltage.t 
Vi=Equivalent 3-phase_volt- 
age as obtained from adjacent 
column. 
ba SS 
3-wire 
grounded 
or aus 1 pole i. Greatest wire to wire 0.87 1 X 1.73 Va 
wit neutra 
1 od neutral wire voltage 
Breaker Generator grounded 
or not 
ores! 
3-wire 
grounded ; 
or 4-wire 1 pole in Greatest wire to wire 0.87 I X 1.73 Vrk* 
2 r-- with outside voltage 
tebe neutral wire 
Generator Breaker grounded 
or not 
—_— aera, 
; 3-wire 
| grounded Independent 
' or 4-wire 1 pole 1.15 times greatest wire to I x 1.73 V; 
3 eet with breaker wire voltage* 
oo neutral in an 
Generator Breaker grounded outside 
or not wire 
3-wire 2 poles ? 
grounded in outside Greatest wire to wire I & 1.73 V3 
or 4-wire and neutral voltage 
4: r- with wire 
: oe neutral respectively 
Generator Breaker grounded 
or not 
3-wire 
' grounded 2 poles , 
| or 4-wire single- Greatest wire to wire I X 1.73 Vs 
5 roo with phase voltage 
aa eater n outside 
: grounde wire 
Generator Breaker arnot 
3 wire 
grounded : 
3 or 4-wire 3 poles Greatest wire to wire I X 1.73 V3 
6 cot with 3-phase voltage 
om neutral circuit 
grounded 
Generator Breaker or'ndt 
\ 3-wire 
grounded : : 
or 4-wire Greatest wire to wire I X 1.73 Vs 
7 ae with 4 poles voltage 
! “SF neutral 
( grounded 
Generator Breaker or not 
2 poles Greatest wire to wire I X 1.73 V3 
8 3-wire un- single- voltage 
grounded phase 
circuit 
Generator Breaker 
Greatest wire to wire I X 1.73 Va 
9 3-wire un- 3 poles voltage 
grounded 
Generator Brecker 


i 


i This value must not exceed the maximum current interrupting rating listed in breaker interrupting tables. 
‘a See NEMA rule SG6-210 regarding exceptions for 8 cycle breakers. In such instances use Line 6. ‘ we 
These recommendations apply to isolated feeders only. Where possibility of phase to phase faults exist refer to Line 3 for application. 
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TABLE 9— DETERMINATION OF EQUIVALENT THREE-PHASE VOLTAGE AND INTERRUPTING RATINGS FOR TWO-PHASE SYSTEMS 


Select a breaker whose ap- 
proximate 3-phase, ky-a, inter. 
: ; ting rating is equal 
No. of Select a breaker whose volt-| TUP ‘ or 
Line Type of Breaker age rating is equal or greater precept value as de 
No. Typical System Connections System Poles Pee aeeminel be: 1 =Required interrupting cur- 
low rent at service voltage. f 
. Vi =Equivalent 3-phase volt. 
age as obtained from adjacent 
column. 
3-wire 2 poles . . 
Or grounded any two Greatest wire to wire *I X 1.73 V3 
1 or not wires voltage 
Generator Breaker 
3-wire ‘ 
2 grounded 3 poles Greatest wire to wire *l X% 1.73 Va 
Generator or not voltage 
OF 4-wire un- 2-2 pole Greatest wire to wire I X 1.73 Vs 
3 grounded voltage 
Generator Breaker 
4-wire un- 4 poles Greatest wire to wire I X 1.73 Vs 
4 grounded voltage 
Generator Breaker 
5 5-wire 1 pole : : 
grounded any “out- cot iy wire to wire 0.87 I X 1.73 Va 
or not side wire” Bi 
Generator Breaker 
‘ 2 poles 
6 5-wire “ . : 
any ‘‘out- Greatest wire to wire 
eroundes sidevwire’” voltage 0.871 X 1.73 V;: 
and neutral 
Generator Breaker 
7 
2 2 poles 
5-wire a < , 
-c. any Greatest wire to wire 
Erounded “outside voltage 0.87 | X 1.73 Vs 
wires” 
Generator Breaker 
8 5-wire 4 poles . . 
grounded all ‘outside sree Wire. towwire I X 1.73 V3 
or not wires" TOMBES 
Generator Breaker 


* J is the current in one of the outside wires. : : Noches : : : 
+ This value must not exceed the maximum current interrupting rating listed in breaker interrupting tables. 
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TABLE 10— DETERMINATION OF EQUIVALENT THREE-PHASE VOLTAGE AND INTERRUPTING RATINGS FOR SINGLE-PHASE SYSTEMS 


Select a breaker whose ap- 
proximate 3-phase, ie inter- 
. 2 rupting rating is equal or great- 
F Select a breaker whose volt-! er than the value as determined 
Line be <Not ; Type of No. of age rating is equal or greater] below, 
No. Typical System Connections System Breaker than the equivalent 3-phase 1 =Required interrupting cur- 
Poles voltage (V1) as determined be-| pont at service voltage.t 
low. Vs =Equivalent 3-phase_ volt- 
age as obtained from adjacent 
column. 
2-wire . : “3 0.87 | X 1.73 V3 
1 one side 1 ue times wire to ground (based on NEMA rule 
grounded voltage S$G6-205) 
Generator = Breaker 
2-wire Bie Sits . I xX V; 
3 one side 2 Le times wire to ground (based on NEMA rule 
2 grounded yore ee SG6-203) 
Generator Breaker 
3 ome 2 wire to wire voltage I X 1.73 Va 
Generator Breaker 
neutral 1 pole in ‘ . 
1.73 times higher i: 
# Ae OF g nay AoE be Bee line to neutral voltage 0.87 1 X 1.73 Vs 
grounded 
Generator 
slider ; 
neutra 1 pole either . . 
5 . "I 1.73 times respective 
ss mae nat be sounds line to neutral voltage 0.87 1 X 1,73 Vs 
Generator Breaker grounded 
3-wire 
6 ets 2 outside Greatest wire to wire IX 1.73 V 
may not'be wires voltage : a 
Generator Breaker grounded 
3-wire 
7 alias 3 Greatest wire to wire 1X 1.73 V3 
may not be voltage 
Generator Breaker grounded 


a te 


* Where 1 phase, 3-wire system has unequal voltages to neutral and 2 single-pole breakers are used in the outside wires, the lower voltage breaker must be interlocked 
to prevent its tripping for ‘outside wire” faults, until the higher voltage breaker has first cleared the fault, unless both breakers are selected on high-voltage basis. 
t This value must not exceed the maximum current interrupting rating listed in breaker interrupting tables. 


Third, the short-time current rating and the interrupting 
capacity current limitation must not be exceeded. 

The fault current may be calculated by one of the meth- 
ods described in the next section, and should be checked for 
all types of faults. 

Switching of Capacitive Current—When circuit 
breakers are used to switch the charging current of lines 
or cables or to switch capacitor banks, abnormally high 
voltages can be produced by restriking in the breaker. 
Experience has indicated that transient voltages which 
result from such restriking will seldom exceed 2.5 times 
normal line-to-neutral crest voltage on circuits having 
effectively grounded neutrals. There is relatively little 
hazard to either the breakers or to other apparatus on such 
circuits. There are insufficient data on ungrounded or 
impedance-grounded systems to draw conclusions. 

Lightning arresters may be damaged if the voltages 
developed are sufficient to cause them to discharge and if, 
in addition, the line capacitance is large. Because of the 
random nature of the phenomena involved it is not possible 


at this time to give specific limits for capacitive switching. 
As an approximate guide special consideration should be 
given when one desires to switch 69-kv cables which ex- 
ceed 9 miles in length or 115- and 138-kv cables longer 
than 7 miles. 

Another problem to be considered is that a large mo- 
mentary current may flow when one capacitor bank is 
switched in parallel with another capacitor bank. This 
current is a function of the capacitance involved and the 
inductance of the leads connecting the two banks. This 
current may be calculated’? and should not exceed the 
momentary rating of the circuit breaker. 

Conditions Affecting Construction or Protective 
Features—There are unusual conditions which, where 
they exist, should be given special consideration in the 
selection and design of the apparatus. Among such un- 
usual conditions are: 

(1) Exposure to damaging fumes or vapors, excessive or 

abrasive dust, explosive mixtures of dust or gases, steam, 
salt spray, excessive moisture, or dripping water, etc.; 
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(2) Exposure to abnormal vibration, shocks or tilting; 

(3) Exposure to excessively high or low temperatures; 

(4) Exposure to unusual transportation or storage conditions; 

(5) Unusual space limitations; 

(6) Unusual operating duty, frequency of operation, difficulty 
of maintenance, etc. 


31. Requirements for Low-Voltage Air Circuit 
Breakers in Cascade Arrangement* 

“When a plurality of low voltage air circuit breakers are 
connected in series in a distribution system, and the 
breakers beyond those nearest to the source are applied 
in the following correlated manner, they are said to be in a 
cascade arrangement. 

“Tn this cascade arrangement, breakers toward the source 
are provided with instantaneous tripping for current values 
which may obtain for faults beyond other breakers nearer 
the load. Hence, breakers in the series, other than the 
breaker closest to a fault, may trip and interrupt loads on 
other than the fault circuit. Such arrangements are used 
only where the consequent possible sacrifice in service con- 
tinuity is acceptable. Where continuity of service is 
desired, selective tripping arrangements of fully rated 
breakers are required. Where continuity of service is not 
important, properly selected breakers may be applied in 
cascade. 


“The following requirements shall be observed: 


(a) Cascading shall be limited to either two or three 

steps of interrupting rating. 
(1). The interrupting rating of the breaker or 
breakers nearest the source of power shall be equal 
to at least 100 percent of the short-circuit current 
as calculated in accordance with section 29. 
The breaker or breakers in this step shall be equip- 
ped with instantaneous featufres set to trip at a 
value of current that will give back-up protection 
whenever the breaker in the next lower step carries 
current greater than 80 percent of its interrupting 
rating. 
(2) The breaker or breakers in the second step 
shall be selected so that the calculated short circuit 
current through the first step plus motor contribu- 
tion in the second step, will not exceed 200 percent 
of their interrupting rating. The breaker or 
breakers shall be equipped with instantaneous trip 
set at a value of current that will give back-up pro- 
tection whenever the breaker in the next lower step 
carries current greater than 80 percent of its inter- 
rupting rating. For the second step of a two step 
cascade the breaker or breakers shall have an in- 
stantaneous trip setting above the starting inrush 
current of the load. 
(3) The breaker or breakers in the third step shall 
be selected so that the calculated short circuit cur- 
rent through the first step, plus motor contribution 
of the second and third steps, will not exceed 300 
percent of their interrupting rating. The breaker 
or breakers shall have instantaneous trips set above 
the starting inrush current of the load. 


*Taken in part from the current proposed revision of NEMA 
Standards 46-109—not applicable to molded-case breakers 
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(b). AH circuit breakers subjected to fault currents 
in excess of their interrupting rating shall be elgg. 
trically operated. 

(c). Where cascading is proposed, recommendations 
shall be obtained from the manufacturer in order tg 
insure proper coordination between circuit breakers, 
(d). The operation of breakers in excess of their in. 
terrupting rating is limited to one operation, after 
which inspection, replacement, or maintenance may be 
required.” 


In calculating the short circuit current through each 
step in (al), (a2), and (a3) above it is permissible to include 
the impedance of all circuit elements (including breaker 
trip coils) between the line terminals of the breaker in 
question and the source, but not the impedance of the 
breaker for which the interrupting current rating is being 
determined. For example, the impedance of breakers in 
the first two steps may be included in the calculation to 
determine the fault current to which the breakers in the 
third step will be exposed. However, the impedance of the 
third-step breakers should not be included. 


32. Selective Tripping of Low Voltage Air Circuit 
Breakers* 


“Properly selected air circuit breakers may be applied to 
low voltage circuits to obtain selective tripping. The fol- 
lowing requirements shall be observed: 


(a) Each air circuit breaker must have an interrupt- 
ing rating equal to or greater than the available short 
circuit current at the point of application. 

(b) Each air circuit breaker, except those having in- 
stantaneous trips (such as the one farthest removed 
from the source of power), must have a short-time 
rating equal to or greater than the available current 
at the point of application. 

(c) The time-current characteristics of each air cir- 
cult breaker at all values of available overcurrent 
shall be such as to insure that the circuit breaker 
nearest the fault shall function to remove the over- 
current conditions, and breakers nearer the source 
shall remain closed and continue to carry the remain- 
ing joad current. 
(d) To insure that each breaker shall function to 
meet the requirements of paragraph (c) above, the 
time current characteristics of adjacent breakers must 
not overlap. The pickup settings and time delay 
bands of both the long-time and short-time delay ele- 
ments must be properly selected. 

(e) Manually operated circuit breakers shall be ; 
limited to applications in which delayed tripping re- - 
quirements do not exceed 15 000 amperes or 15 times 
the coil rating, whichever is greater. 

(f) The time-current characteristics of a breaker in 
a selective system shall be such that up to four » 
breakers may be operated selectively in series, when { 
required. One of these breakers shall be a load 


breaker equipped with an instantaneous trip element. @ 


Nore: Attention is directed to the fact that operation of g 
selective tripping requires coordination with the rest of the g 
system; as for instance, the low voltage side of a trans- 
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Fig. 48—Typical fault on a three-phase a-c system. 


former bank requires that in the application of relays or 
fuses on the high side, proper coordinating steps should be 
taken.” 


V. FAULT CALCULATIONS 


In order to determine the momentary and interrupting 
duty on circuit breakers and to make preliminary relay 
settings it is necessary to predict the fault currents that 
may occur at each circuit breaker location. This infor- 
mation is sometimes available from tests or from previous 
calculations on adjacent circuits, but must frequently be 
calculated for a new system or extension. The rigorous 
determination of short-circuit currents as a function of 
time involves too laborious a calculation to be practical. 
Thus, some approximation is required, and a degree of 
judgment must be used in the application of any method 
proposed. In the following paragraphs several such meth- 
ods will be discussed, including the simplified procedure 
suggested by the AIEE Protective Devices Committee. 

In using any of these calculating procedures it is neces- 
sary to determine the system impedance as viewed from 
the point of fault, and the current distribution for differ- 
ent kinds of faults. Such calculations for relatively simple 
systems or parts of systems can be made directly. The 
network solutions described in Chap. 10 and the method 
of symmetrical components given in Chap. 2 are helpful 
in such calculations. The calculation of faults by these 
methods on many modern interconnected systems may 
become entirely too involved. Such systems can be rep- 
resented in miniature on an a-c or d-c network calculator. 
Fault currents can be determined from calculator readings 
ina relatively short time. A description of an a-c network 
calculator is given in Sec. 35 of Chap. 13. A d-c network 
calculator can be used for studies where either resistance 
or reactance alone is sufficient to represent the system. 
Network calculators are also used in studies of load-cur- 
Trent distribution, voltage regulation, transient overvol- 
tage, and transient and steady-state stability. 


33. Components of Fault Current 


Before discussing specific methods of fault calculation 
for circuit-breaker and relay application the current com- 
Ponents of a typical fault on an a-c system will be reviewed 
briefly. A more complete analysis is given in Chap. 6. 

The current in one phase for a three-phase fault on an 


4-¢ system is shown as a function of time by the curve 


EX of Fig. 48. In this diagram OX is the line of zero cur- 
rent and O represents the time at which the fault has oc- 
curred. The current to the left of OY is the load current 
prior to the fault. The short-circuit current wave is un- 
symmetrical with respect to the OX axis immediately after 
the short circuit, but during increasing increments of time 
it approaches a position of symmetry. This asymmetry 
is dependent upon the point of the voltage wave at which 
the short circuit occurs. It is possible, by short circuiting 
at different points on the normal voltage wave, to secure 
short-circuit current waves ranging anywhere from those 
symmetrical about the OX axis to those totally asymmet- 
rical. CD is a curve passing through the maxima of the 
wave of the total current, and EF is a curve passing 
through the minima. AB is a curve cutting the vertical 
everywhere midway between CD and HF. 

The wave of total current with crests along curves CD 
and EF and with ordinates measured from the axis OXY 
can be resolved into two components, namely: 

1. A direct-current component. 

2. An alternating-current component. 

The direct-current component is determined at any in- 
stant by the ordinate GH of the curve AB, at the time X. 

The alternating-current component is a wave with a crest 
value at any time equal to the difference between the or- 
dinates of the curves CD and AB. This difference at the 
time X has the value HJ. The rms values of this alter- 
nating-current component are shown on curve ST. At any 
instant, this component is considered to have the same 
rms value as an alternating wave of constant amplitude 
with crest value one-half the distance between curves C'D 
and EF at that instant. 

The rms value of the total current wave under short circuit 
at any instant is the square root of the sum of the squares 
of the direct-current component and the rms value of the 
alternating-current component at that instant. The rms 
values of this total current are shown on the curve RT. 
The rms value of the total current at the time of parting 
of the circuit-breaker contacts determines the interrupting 
rating of a power circuit breaker. 


34. Simplified Procedure for Calculating Short- 
Circuit Currents for the Application of Circuit 
Breakers and Relays 


A simplified procedure for the calculation of short-cir- 
cuit currents has been presented in reports ''4—"8 sponsored 
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TABLE 11—REACTANCE QUANTITIES AND MULTIPLYING FACTORS FOR APPLICATION OF CIRCUIT BREAKERS 


—_—_— ee en —— eee ere 


A. Circuit Breaker Interrupting Duty 


nif 


General case 
8-cycle or slower circuit breakers*..... 0.0... cee cee cee tenes 
5-cycile circuit breaker 
3-cycle circuit breaker 
2-cycle circuit breaker. ..... 00.0... eee ee eens 


Special case for circuit breakers at generator voltage only. For short-circuit 
calculations of more than 500,000 kva (before the application of any 
multiplying factor) fed predominantly direct from generators, or through 
current-limiting reactors only 
8-cycle or slower circuit breakers* 
5-cycle circuit breakers 
3-cycle circuit breakers 
2-cycle circuit breakers 


3. Air circuit breakers rated 600 volts and less 


B. Mechanical Stresses and Momentary Duty of Circuit Breakers 
1. General case 


2. At 5000 volts and below, unless current is fed predominantly by directly 
connected synchronous machines or through reactors......... 


Reactance Quantity for Use in XY, 
ead Foe et Se ee est 
Multi- Synchronous eal ant 
plying Generators & | > a a - ne 
Factor Condensers sOLOFS Stachines 
1.0 
1.1 subtransient** transient neglect 
1.2 
L.d 
1.1 
1.2 subtransient** transient neglect 
1.3 
1.5 
Shee aioe 1.25 subtransient subtransient | subtransient 
ogee Sandie 1.6 subtransient subtransient | subtransient 
aiiadtedos 1.5 subtransient subtransient | subtransient 


* As old circuit breakers are slower than modern ones, it might be expected a low multiplier could be used with old circuit breakers. However, modern circuit breakers 
are likely to be more effective than their slower predecessors, and, therefore, the application procedure with the older circuit breakers should be more conservative 
than with modern circuit breakers. Also, there is no assurance that a short circuit will not change its character and initiate a higher current flow through a circuit 
breaker while it is opening. Consequently the factors to be used with older and slower circuit breakers well may be the same as for modern eight-cycle circuit breakers. 

** This is based on the condition that any hydroelectric generators involved have amortisseur windings. For hydroelectric generators without amortisseur windings, & 
value of 75 percent of the transient reactance should be used for this calculation rather than the subtransient value. 


by the Protective Devices Committee of the AIEE. This 
method has been found satisfactory and is intended for 
general use by the industry as a simplified method of ap- 
proximating the magnitude of fault currents. However, 
other more rigorous methods should be used when re- 
quired. 

The new method is based upon the determination of an 
initial value of rms symmetrical current (a-c component) 
to which multiplying factors are applied for application 
purposes. In the determination of this current, the follow- 
ing symbols are used: 


FE =\ine-to-neutral voltage. 

X1= positive sequence reactance viewed from the point 
of fault, including transient or subtransient direct- 
axis rated voltage reactance of machines as speci- 
fied in Tables 11 and 12 in ohms per phase. 

Ao= zero-sequence reactance. 

Ro = zero-sequence resistance. 


(a) Circuit Breaker Application—(1) Determine 
the “highest value of rms symmetrical current for any type 
of fault” equal to E/X1 or 3E/(2X,+Xo), whichever is 
greater, except that when Ry is greater than 2.23X, no 
consideration need be given to the latter expression. This 
value should be taken for the maximum connected syn- 
chronous capacity. (2) Multiply this current by the 
proper factors from Table 11. (3) The resulting interrupt- 


ing and momentary currents should be used to select the 
circuit breaker. 

The factors given in Table 11 represent the ratio be- 
tween the rms total current at the instant of contact part- 
ing and the initial value of rms symmetrical current. In 
determining these factors it was assumed that circuit 
breakers should be installed which would permit the use 
of high-speed relays at some later date, and the time of 
contact parting was selected on this basis. Contact parting 
times of 4, 3, 2, and 1 cycles were assumed for 8-, 5-, 3-, and 
2-cycle breakers. 

Note that the total fault current calculated above may 
in some cases divide between two or more circuits. It is 
necessary to determine the maximum fault current that 
must be interrupted by each breaker under any circuit 
condition (see example). 

For most apparatus and circuits the resistance may be 
neglected as a justifiable approximation. For underground 
cables and very light aerial lines the resistance may be 25 
great as the reactance. For these elements the impedance 
should be used instead of the reactance. Unless it consti 
tutes a major part of the total circuit impedance this im- 
pedance may be added arithmetically to the reactance of 
the rest of the circuit without appreciable error. 

(b) Overcurrent Protective Relays—Iin approximat- 
ing the settings of overcurrent relays, the fault currents for - 
two conditions should be determined: 
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1. The maximum initial symmetrical current for maxi- 
mum connected synchronous capacity as determined by 
E£/X, or 3L/(2X,+Xo), whichever is greater, except that, 
when /to 18 greater than 2.23.X,, no consideration need be 
given to the expression 3£/(2X1+ Xo). 

2. The minimum symmetrical current for minimum con- 
nected synchronous capacity as determined by 0.866£/X, 
or 36/(2X1+Xo) for reactance grounded systems. In par- 
ticular situations, allowance should be made for remote 
fault locations and fault resistance. 

Ground, distance, balanced, and other types of relays 
require special consideration. 

For each of these conditions use machine impedances 
and multiplying factors in accordance with Table 12. 

(c) Example—In order to illustrate the use of the above 
method of calculation, circuit breaker ratings for several 
locations in the system shown in Fig. 49 will be determined. 
‘The approximate impedance data references in Sec. 37 will 
be used. 

From Table 4 of Chap. 6, Part XIII, the waterwheel gen- 


4-50 MVA 138 KV, 3ph WATER WHEEL 
GENERATORS WITH DAMPERS 
(HIGH RESISTANCE GROUNDING) 


4-50 MVA 
ZX 13.8/138 KV 


60 CYCLES 
7% OA TRANS 


40 MILES 138 KV 
DOUBLE CIRCUIT 
STEEL TOWERS 

397.5 MCM ACSR 26 ST 
EQUIV. SPACING I5 FT 
NON-MAGNETIC 


GROUND WIRES 
138 KV 


2-100 MVA 


‘ooo KV 
47,60 CYCLES 
OA TRANS’ 


CURRENT 
LIMITING 
REACTOR 
20% ON 
100 MVA 


2.0 OHM 
|| GROUNDING 
RESISTOR 


4-50 MVA, 2 POLE, 138 KV, 3 PH 
TURBINE GENERATORS 


Fig. 49—Hypothetical system for example. 


Relay and Circuit-Breaker Application 


391 
TABLE 12 
Use Following 
Reactance in Determining X, 
Type of Relay Multi- | Synch. | Synch. | Induc- 
plying | Gen. or} Motor tion 
Factor | Cond. Machine 
1. High-speed Current Actuated 
RAY Ss sone ite ke des 1.0 subtr. | subtr. | subtr. | 
2. Time Over-Current Relays..| 1.0 trans. | trans. | ..... 


erators would have a subtransient reactance of 24 percent 
on their own base. The 13.8-kv transformers would have 
an impedance of about 11 percent according to Table 1 of 
Chap. 5. The combined positive-sequence impedance of 
all four generators and transformers, viewed from the 138- 
kv bus is thus 35 percent on 200 mva or 17.5 percent on 100 
mva. The zero-sequence impedance would be that of the 
transformers alone or 5.5 percent on 100 mva. 

From Tables 2 and 6 of Chap. 3 each transmission cir- 
cuit has a positive-sequence reactance of 0.77 ohms per 
mile. For the two 40 mile circuits in parallel the reactance 
is 8.1 percent on 100 mva. From Table 14 of this chapter 
the zero-sequence reactance may be estimated at 24.3 per- 
cent on 100 mva. 

The 100-mva step-down transformers will also have an 
impedance of 11 percent on their kva rating or a net for the 
two of 5.5 percent on 100 mva. 

The turbine-generators (see Table 4 of Chap. 6) will be 
taken as 9 percent each on 50 mva or a total of 4.5 percent 
on 100 mva for the four units. 

The above impedances may be combined into the equiv- 
alent circuit shown in Fig. 50. 

For a fault at A in Fig. 49 the 3-phase fault will govern 
breaker interrupting duty because of the limiting effect of 


POSITIVE NEGATIVE ZERO 
SEQUENCE SEQUENCE SEQUENCE 
J5.5 
J24.3 
J5.5 


Fig. 50—Equivalent circuit for system of Fig. 49. Impedances 
in percent on 100 mva. 
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the generator grounding resistor and the delta-connected 
1.0 


0.239 
Since this is less than 500 mva the general case of Table 11 
applies and an 8-cycle breaker of 420 mva interrupting rat- 
ing would be adequate. For normal interrupting duty 
(CO+15 seconds+CO) a standard 500-mva, breaker could 
be chosen without further analysis since the calculated in- 
terrupting mva does not exceed 95 percent of the breaker 
rating. 

If we desire to provide instantaneous single-shot reclos- 
ing on this feeder-breaker the interrupting current rating 
must be calculated. The interrupting rating of a 500-mva 
breaker at 13.8 kv is 21 000 amperes. According to Fig. 47 
reclosing duty cycle IT requires reduction of this rating to 
21 000X0.94=19 700 amperes. The calculated fault level 
of 420 mva is equal to 17 600 amperes, so a standard 500- 
mva breaker would still be adequate. Regardless of the 
interrupting duty the momentary rating required would be 
1.6X17 600=28 200 amperes. 

For a fault at B, B/X= 1 = 25.5 per unit or 2550 
mva. However, the portion of the fault contributed by 
generator B does not go through breaker B. This is 


- 5.5 per unit or 550 mva. Thus #7/X, for breaker B is 


2000 mva. Since this value is greater than 500 mva and 
all standard 13.8-kv breakers have 8 cycle interrupting 
time, breaker B should have an interrupting rating of 
1.1X 2000 = 2200 mva. This is less than 95 percent of 2500 
mva and a standard 2500-mva breaker may be chosen 
without further study. 

A fault at C will give the highest fault current on any of 
the main 13.8-kv breakers. The three-phase fault will gov- 
ern as before. Although it is an abnormal condition, the 
greatest fault current will flow when breaker D is open. 
For this condition X; is 4.0 percent and E/X,=25.0 per 
unit or 2500 mva. Since this fault is produced predom- 
inantly by the 13.8-kv turbine-generators the 1.1 multi- 
pher is required for 8-cycle breakers and the duty exceeds 
that of the largest standard 13.8-kv breaker. In view of 
the close margin between the breaker rating and the cal- 
culated duty a more accurate check would be in order as 
suggested in Sec. 30. If such a check still indicated duty in 
excess of 2500 mva it would be necessary to increase the X1 
by modification of generator design or the addition of cur- 
rent-limiting reactors. 

In order to determine the interrupting duty on the 138- 
kv breakers at the steam station it is necessary to consider 
both three-phase and single-line-to ground faults as well as 
several fault locations and switching conditions. With all 
breakers closed H/X se 
0.0719 


for a three-phase fault and 


transformers. This fault is 


=4.2 per unit =420 mva, 


= 13.9 per unit or 1390 mva 


38E 3.0 
2X,;+X, 2(0.0719)+0.0465 
= 15.7 per unit or 1570 mva for a line-to-ground fault. The 
current distribution for such a fault is shown in Fig. 51. 
The transformer and line circuits have been shown sepa- 
rately in order to study different fault locations. The 
smallest 138-kv breaker is rated 1500 mva and 5 cycles. 
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Fig. 51—Current distribution for a fault on 138-kv bus at 
steam station—currents in per unit on 100-mva base, 


It is apparent that ground faults will govern interrupting 
duty. 

A fault at, D will produce the same fault currents but 
breaker D will carry [,=/2=3.36 and [)=3.04. I, =9.76 
per unit. For such a fault the required interrupting duty 
for a 5 cycle breaker is 9.76X1.1=10.7 per unit or 1070 
mva. 

In order to be safe it is also necessary to consider’a fault 
at D with breaker C open. See Fig. 52. The total fault 

3.0 


0.0965-+0.0965 +0.0465 
1250 mva but part of Jy does not pass through breaker D. 
In the breaker J, =4.16+4.16+2.40=10.72. The re- 


now becomes =12.5 per unit or . 


1,=I2g* 2.60 1,412=0.78 
I9=1.76 1920.32 
T,2Ig *0.78 


+— 1970.32 


°o 
uv 
nm 
2 _—_ 
T; =Io20 


To# 1.76 


Fig. 52—Current distribution for single-line-to-ground fault 


at 138-kv terminals of transformer with 13.8-kv breaker open- a “4 
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Fig. 53—Short-circuit decrement curves for similar parallel machines. 


quired interrupting rating for this condition would be 
1.1 10.72= 11.80 per unit or 1180 mva which is greater 
than the value calculated in the previous study. Thus a 
1500-mva breaker would be adequate for breaker D on the 
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basis of the system as shown. If additional generation or 
lines were contemplated the 1500 mva rating might be ex- 
ceeded and such changes would have to be considered 
Reclosing would not normally be used on these breakers 
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For breaker H a fault at EH with all breakers closed 
required an interrupting rating of 1.1 (4.52+4.524-4.84) 
=15.2 or 1520 mva. If breaker F were open such 
a fault would require an interrupting rating of 


3.0 
Ly i841 t or 1610 
0.077--0.0774.0.05 LO 1 Per unit on cues 


Breaker £ would probably have instantaneous single shot 
reclosing. A standard 1500-mva breaker would be good 
for only 1425 mva for such reclosing duty (see Fig. 47). 
Although it might be possible to reduce the interrupting 
duty of the system to 1425 mva by increasing the trans- 
former impedance, a reasonable amount, some allowance 
should be made for future addition of generators or trans- 
mission lines. Thus a 3500-mva breaker would probably 
be chosen for the assumed system. 


35. Short-Circuit Calculations for Similar Parallel 
Machines 


It is intended that the simplified procedure given in Sec. 
34 be used for normal circuit-breaker applications and for 
preliminary relay settings. In some special cases it may be 
desired to make a more accurate analysis of current decre- 
ment such as to take into account abnormal machine time 
constants or to obtain relay currents a relatively long time 
after the fault has occurred. 

When all of the machines which contribute to a fault 
have similar reactances and time constants, are equally 
loaded, and are symmetrically located with respect to the 
fault the group of machines can be represented as a single 
equivalent generator. The fault current can then be calcu- 
lated with relative accuracy by the methods described in 
Parts II, HI and VI of Chap. 6 in which the effects of in- 
dividual machine characteristics, loads, external impedance 
and change of excitation can be included. 

A somewhat easier analysis may be made by the use of 
short-circuit decrement curves which have been pub- 
lished,"7""8 and are reproduced in Fig. 53, if the assump- 
tions on which they are based hold for the system under 
consideration. These are: 


(a) Transient characteristics of alternating-current generators 
of normal design determined from oscillograph tests. 

(b) That the effect of capacitance and resistance is neglected, 
except in so far as decrements are concerned, which effects 
are included by average decrement factors. 

(c) That the contact resistance at short circuit is zero. 

(d) That the alternating-current generators are carrying full 
load at 80 percent power factor previous to short circuit. 

(e) That the short circuit is established at the point of voltage 
wave corresponding to the maximum possible instantane- 
ous current. 

(f) That the effect of automatic generator voltage regulators 
is neglected. 

(gz) All reactance up to and including 15 percent is considered 
within the generator. For values of reactance greater than 
that the difference is considered external. 

(h) All machine emfs are assumed to be and remain in phase. 

(i) The load is assumed to be located at the machine terminals 
and the fault to occur on an unloaded feeder. 

(j) The actual system subjected to fault may be represented 
by a single equivalent generator of the same total rating as 
the synchronous apparatus of the system and an equiv- 
alent external reactance. 


(k) All generators are assumed to have an open-circuit tran. 
sient time constant (T’4o) of 5 seconds and an armature 
short-circuit time constant of 0.15 second. 

(1) A subtransient time constant of 0.05 second was used for 
all curves. 


The short-circuit current from a synchronous machine 
consists of an a-c and a d-c component. The a-c compo- 
nent in general can be resolved into a transient component 
having a relatively large time constant and a subtransient 
component having a relatively small time cgnstant. The 
values of these constants are such that during the first 
one-tenth second the transient component changes very 
little, but the subtransient component disappears almost 
entirely. Because of this relation it is possible to plot the 
two a-c components on one set of curves as shown by the 
“a” curves of Fig. 53. The numbers of these curves refer 
to the combined external reactance (exclusive of loads) and 
machine subtransient reactance. A subtransient time con- 
stant of 0.05 and a transient open circuit time constant of 
5.0 were used in the preparation of these curves, but the 
effect of other time constants can be included by reading 
vertically from the intersection of the horizontal line cor- 
responding to the particular time constant and the inclined 
line corresponding to the particular time. The dotted lines 
show the transient component only of a-c current. 

These curves are intended primarily for turbine-gener- 
ator systems as indicated by assumption (g). The assumed 
relation between transient and subtransient reactance is 
Xa =(1.4Xy'+.02) per unit. The curves may be used 
with fair accuracy for salient pole generators with dampers. 
For salient pole machines without dampers the curves may 
be used with the following adjustments: 


(a) Calculate the total system reactance to the point-of fault 
using the subtransient reactance of the machines, and then 
subtract 5 percent. 

(b) Enter the curves with the above modified value of react- 
ance. (For example if the system reactance is 25 percent 
use the curve marked 20.) 

(ce) The proper a-c component of current will be approximately 
midway between the dotted and solid portions of the 
curves of 53(a) in the short time periods where a distinc- 
tion is made. 

(d) The proper d-c component of current is given by the 
dotted curves of 53(b). 


With the above general qualifications the curves may be 
used to calculate three-phase, line-to-line or single-line-to- 
ground faults. The following symbols are used: 

X,=percent positive-sequence impedance viewed from the 
point of fault, based on the total synchronous kva. 
X,=negative-sequence impedance viewed from the point of 
fault. 
X= zero-sequence impedance viewed from the point of fault. 
T,=time constant of direct-current component. 
T 4’ =short-circuit subtransient time constant. 
“1o= open-circuit transient time constant. 


Yor a three-phase fault use the curves of Fig. 53 (a) and 
(b) for which X =X, and read the components of current 
on the ordinate scales designated 3-phase. The a-c and d-c = 
components may be combined into the rms total current 3a 
for maximum asymmetry by the formula, z= 


lems total = Vine +74”. 
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Fig. 53(c) may be used to perform this calculation by lay- 
ing off the components along the two axes and reading the 
rms total current on the circular scales. 

A line-to-line fault is read in a similar manner except 
the curves are used for which X = X;+X_ and the magni- 
tude of current is read on the ordinate scale headed L-L. 

For single-line-to-ground faults enter the curves with 
XY=NX,+%2+ Xp and use the ordinate scale headed L-G. 

The curves of Fig. 53(b) are plotted against a basic time 
scale corresponding to 7,=0.15 sec. If the d-e time con- 
stunt is known to be different, read vertically from the 
intersection of the horizontal line corresponding to the 
desired time and the inclined line corresponding to the 
desired time constant. 


36. The Internal Voltage Method 

For critical relay and circuit-breaker applications where 
synchronous machines are dissimilar and unsymmetrically 
located with respect to the fault, a more accurate short- 
circuit analysis can be made by means of the [nternal Volt- 
aye Method. his method lends itself to the use of a net- 
work calculator and can be used to include the effect of a 
change in the excitation of the machines. Because of the 
limited application of this method of calculation the reader 
is referred to a series of articles by C. F. Wagner, entitled 
“Decrement of Short-Circuit Currents,” which appeared 
in the March, April, and May 1983, issues of the Electric 
Journal. 


37. Approximate Impedance Data for Fault Calcu- 
lations 


In fault calculations, impedance data applicable spe- 
cifically to the apparatus and circuits under consideration 
should be used whenever possible. Such data can usu- 
ally be obtained from the manufacturers for existing ap- 
paratus and can be calculated with the aid of tables referred 
to below for overhead lines and cables. The necessity for 
accurate data is particularly important for circuit elements 
which have a major influence on the fault magnitude. 

For estimating fault currents on proposed new circuits, 
and for approximate data on the less important elements 
of existing circuits, the following references and tables are 
offered as typical of present-day practice. 

Synchronous Generators, Motors, and Con- 
densers—Table 4 in Chap. 6 lists both average values and 
the probable range of the several impedances and time con- 
stants of 60-cycle three-phase synchronous machines. In 
most simplified fault calculations subtransient reactance is 
used to represent the positive-sequence impedance of syn- 
chronous machines, and its relation to the other imped- 
ances is assumed on the basis of typical designs. Exceptions 
to this assumption are noted in Sec. 34. The effect of ex- 
ternal impedance on the time constants is discussed in Sec. 
10 of Chap. 6. 

Induction Motors—The effect of induction motors on 
the short-circuit current is discussed in Chap. 6. 


. ._ Power and Distribution Transformers—Typical 


'mMpedance values for distribution and power transformers 
are given in Table 1 of Chap. 5. The relation between the 
Positive- and zero-sequence impedances for each of the 
Pnncipal types of transformers is also discussed in this 
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chapter and a table of equivalent circuits is given in the 
appendix. 

Feeder Voltage Regulators—The impedance of sin- 
gle-phase induction regulators referred to the through kva 
of the circuit varies with regulator position from approxi- 
mately 0.7 percent at maximum buck or boost position to 
approximately 2.5 percent at points midway between the 
neutral and maximum positions. At the neutral position 
the impedance is approximately 1.5 percent. 

The impedance of polyphase induction regulators does 
not vary greatly with regulator position and lies between 
1.0 percent and 1.5 percent on the circuit kva base. 

For line voltages not exceeding the 15 kv insulation class 
level, single-core step regulators are used when the line 
current does not exceed 400 amperes. Two-core step regu- 
lators are used for higher current circuits to reduce the 
current handled by the tap changer to 400 amperes. 

Two-core four-winding construction is used where the 
line voltage exceeds the normal 15 kv insulation class level. 

The impedance of plus or minus 10 percent regulators in 
single-phase and balanced three-phase circuits is given in 


Table 13. 


TABLE 13—IMPEDANCE OF FEEDER REGULATORS— PERCENT ON 
CIRCUIT KvA BASE— PLUS OR MINUS 10 PERCENT REGULATION 


Max. Min.  |Neutral Pos. 

Induction 

Single-phase.............. 2.5 0.7 1.5 

Three-phase.............- 1.5 1.0 
Step-Type 

Single-core.............00- 0.4 0 

Two-core, three-winding.... 0.7 0.4 

Two-core, four-winding..... 1.1 0.3 


Aerial Lines—The characteristics of aerial lines are 
given in Chap. 3. 

When the conductor size and spacing of an aerial line 
cannot be determined and a rough value of impedance is 
known to be satisfactory, the reactance of lines above 15 kv 
class can be taken as 0.8 ohms per mile without serious 
error. The resistance of such lines will usually be negligible 
from the standpoint of circuit breaker and relay applica- 
tion. For lines rated 15 kv and below conductor size and 
spacing vary greatly and typical figures should not be used. 
If the actual line data cannot be obtained (and an approxi- 
mate figure is known to be satisfactory) the conductor size 
and spacing may sometimes be estimated on the basis of 
thermal and regulation limits of the circuit. 

The zero-sequence reactance of aerial lines can be esti- 
mated from the positive-sequence reactance by the use of 
Table 14. This approximation is sufficiently accurate for 
most circuit breaker applications, but when greater ac- 
curacy is required refer to Chap. 3 and other references 
given in that chapter. 

Cables—The impedance of single- and three-conductor 
cables is given in Chap. 4. 

The effect of iron conduit in increasing the reactance and 
resistance of cables has been investigated by L. Breiger of 
the Consolidated Edison Co. with both laboratory and 
field tests.!*4 These tests show that if the cables are held 
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TABLE 14— APPROXIMATE RATIO OF Xp TO X, FOR TRANSMISSION 
LINES AND CABLES 


Aver- Aver- 
ee Range ne Range 
Single-circuit Aerial Double-circuit Aer- 
Transmission Line ial Transmission 
(without ground Line (with non- 
wires or with magnetic ground 
Magnetic ground wires)........... 3 2-4 
wires)....... 3.5 |2.5-3.5|Three-phase Cables} ... | 3-5 


Single-circuit Aerial 
Transmission Line 
(with non-mag- 
netic ground 
wireS)........... 2 


Single-phase Cables.| 1 


1.7-2.7 


in close triangular arrangement, the reactance is increased 
by only about 10 percent because of the iron conduit. In 
many cases, however, cables lie at random in the conduit 
and the reactance may be increased by as much as 50 per- 
cent. 

For circuit breaker applications, in the absence of spe- 
cific information, the reactance of iron conduit circuits 
may be taken at from 40 to 45 microhms per foot for one 
conductor per phase and 20 to 25 microhms per foot for 
two conductors per phase. For non-magnetic duct cor- 
responding figures are 35 to 40 microhms per foot for one 
conductor per phase and 18 to 22 microhms per foot for 
two conductors per phase. The increase in resistance 
caused by the iron conduit is not sufficient to justify con- 
sideration in circuit breaker applications. 
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Fig. 54—Reactance of rectangular bar conductors. 
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Bus Conductors—The reactance of most busbar an 
rangements for low or medium voltage circuits is of the # 
order of 50 microhms per foot. Values for practical cir. ¥ 
cuits range from 30 to about 70 or 80 microhms. In low. 
voltage circuits bus reactance may be an appreciable Part 3 
of the circuit impedance. For example 50 feet of bus at 50 2 
microhms per foot will cause a drop of 50 volts at 20 000 * 
amperes. 3 

Fig. 54 gives the 60-cycle reactance per conductor per’ 
foot of two rectangular bars in a single phase circuit. 

The reactance per phase of a transposed three-phage ; 
bus may also be obtained from Fig. 54 by replacing 
by an equivalent spacing equal to the cube root of the 
product of the three distances between phase conductorg : 
Sequiv. = W818983. If the bus is not transposed, the reactance’ 
corresponding to the minimum spacing should be used 
for circuit breaker applications in order to obtain the 
maximum current in any pole. For other applications it 
may be desirable to use the equivalent spacing in order 
to determine the average reactance per phase. 

The reactance of bus runs composed of several closely 
spaced bars per phase may be determined approximately 
by considering each phase group as a solid conductor hay- 
ing the same overall dimensions. This approximation will 
give values of reactance accurate within about 5 percent if 
the distance s is more than twice the equivalent a. For the 
arrangement in Fig. 55 the error is 15 percent for s =8 inch- 
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Fig. 55—Reactance voltage drop in each three-phase bus caused 
by one ampere of balanced three-phase current. 


es and 6 percent for 30 inches. A more accurate method of 
calculation is given in Reference 126. 

The reactance of irregularly shaped conductors can be 
determined from Figs. 56 and 57 and similar data published 
by bus bar manufacturers, such as References 131 to 133. 
A rough approximation may be obtained by the method 
described in the preceding paragraph. 

Low-Voltage Air Circuit Breakers (600 Volts and § 
Below)—The reactance of low-voltage air circuit breakers J 
with series trip coils may be an appreciable part of the total j 
circuit impedance when the full-load rating of the breakerj 
is small compared with the remainder of the system. Care, 
should be taken to make sure that trip coils are included 00, 
all three poles of a breaker before using the values in the, 
accompanying table. If only two coils are used, one-third 
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of the single-coil impedance should be used in calculating 
the maximum pole current in a three-phase fault, and the 
impedance should be omitted entirely in calculating a sin- 
gle line-to-ground fault. 

Values of series trip coil impedances are given in Table 
15 for Westinghouse DA 50, DB 25, and DB 15 air circuit 
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Fig. 56—Reactance of square tubular bus bars. 


(a) Reactance of thin square tubes. 
(b) Increase caused by round corners. 
(c) Increase caused by thickness of tubes. 


breakers, which have interrupting ratings of 50 000, 
25 000, and 15 000 amperes respectively at 600 volts or 
below. 

The resistance per pole of AB-10 thermal breakers is 
given in Table 16. 

The reactance of the main current-carrying loop of an 
air circuit breaker can not readily be separated from the 
influence of the bus or cable to which it is connected. It 
may be calculated along with the bus or neglected. 

Current Transformers—The reactance of the smaller 
wound current transformers in a low-voltage circuit may 
be appreciable when fed from a relatively heavy supply 


TABLE 15—D-C RESISTANCE AND 60-CYCLE REACTANCE OF 
600 VoLT AIR CIRCUIT BREAKER SERIES TRIP COILS* 


Full Load DA-50 DB-15 and DB-25 
nibs Resistance Reactance | Resistance | Reactance 
® | in ohms 25°C in ohms in ohms 25°C in ohms 
15 0.063 0.21 0.039 0.110 
20 0.028 0.11 0.021 0.063 
25 0.022 0.065 0.014 0.040 
35 0.011 0.041 0.007 0.020 
50 0.0042 0.015 0.0036 0.0090 
70 0.0033 0.0080 0.0017 0.0053 
90 0.0022 0.0063 0.0010 0.0034 
100 0.0011 0.0039 0.00083 0.0025 
125 0.00086 0.0030 0.00048 0.0017 
150 0.00067 0.0023 0.00042 0.0013 
175 0.00052 0.0017 0.00027 0.00088 
200 0.00034 0.0012 0.00024 0.00072 
225 0.00034 0.0012 0.00017 0.00057 
250 0.00021 0.00076 0.00017 0.00057 
350 0.00013 0.00043 0.000079 0.00033 
400 0.00013 0.00043 0.000050 0.00023 
500 0.000069 0.00019 0.000031 0.00017 
600 0.000069 0.00019 0.000031 0.00017 


*If only two series trip coils are used use }4 of these values in calculating a three- 
phase fault; neglect entirely for single-line-to-ground faults on three-phase circuits. 
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TABLE 16— RESISTANCE PER POLE oF AB-10 600-VOLT THERMAL 
CIRCUIT BREAKERS 


600-AMPERE FRAME 225-AMPERE FRAME 


Full-Load Resistance Full-Load Resistance 

Ampere Rating in Ohms Ampere Rating in Ohms 
225 0.00024 50 0.00297 
250 0.00022 70 0.00130 
275 0.00018 90 0.00084 
300 0.00016 100 0.00080 
325 0.00014 125 0.00063 
350 0.00012 150 0.00063 
400 0.000096 175 0.00050 
450 0.000078 200 0.00036 
500 0.000064 225 0.00030 
525 0.000060 | ... ee ee 
550 0.000056 | 6... fee 
600 0.000088 | we. see 


100-AMPERE FRAME 50-AMPERE FRAME 


Tull-Load Resistance Full-Load Resistance 
Ampere Rating in Ohms Ampere Rating in Ohms 
50 0.0036 15 0.0105 
70 0.0025 20 0.0100 
90 0.0018 25 0.0070 
100 0.0015 35 0.0032 
50 0.0028 


TABLE 17— IMPEDANCE OF CURRENT TRANSFORMERS 


Westinghouse Rated Ohms 
Type Current Impedance Resistance 

CT 2.5 50 0.008 | ...... 
100 0.002 j  ...... 
200 0.000; |  ...... 
400 0.00001 | ~~ ...... 

WE 200 0.0006 0.0003 
400 0.0002 0.00009 

CT 5.0 50 0.014 0.008 
100 0.0035 0.002 
200 0.00095 0.0005 
400 0.00032 0.00015 


circuit. Approximate values for specific Westinghouse cur- 
rent transformers are given in Table 17. The limiting ef- 
fect of secondary burden has been neglected for the sake of 
simplicity. 


REFERENCES 
RELAYING 


For a more complete Bibliography refer to Silent Sentinels or to 
the Bibliographies of the Relay Literature as follows: ATEE Relay 
Bibliographies. 

Bibliography of Relay Literature, 1944-1946, ATEE Relay Com- 
mittee. A.J.E.E. Transactions, Vol. 67, 1948, pages 24-7. 


Felay and Circuit-Breaker Application 


Chapter 11 


Bibliography of Relay Literature, 1940-1943, ATEE Relay Com- 
mittee. A.J.#.E. Transactions, Vol. 63, 1944, October section, pages 
705-09. 

Bibliography of Relay Literature, 1927-1939, AIEE Relay Com- 
mittee. A.J.E.E. Transactions, Vol. 60, 1941, pages 1435-47. 


Books on Relaying 


1. Silent Sentinels (a book), Westinghouse Electric Corporation 
1949. 

2. Relay Systems, Theory and Application (a book), by I. T. Mon- 
seth and P. H. Robinson, McGraw-Hill Book Co., Inc., 1935, 


Bus and Apparatus Protection 


11. The Fault Ground Bus, Its Use and Design in Brunot Island 
Switch House of the Duquesne Light Co., by R. M. Stanley 
and F. C. Hornibrook, A.J.#.E. Transactions, Vol. 49, Jan, 
1930, pages 201-212. 

12. Protecting Frequency Changers from Out-of-Step Conditions, 
by L. N. Crichton, The Electric Journal, Vol. 34, Feb. 1937, 
pages 71-76. 

13. Relay Protection for Station Buses, by W. A. Lewis and R. M. 
Smith, The Electric Journal, Vol. 34, Nov. 1937, pages 457-458. 

14. Harmonic Current-Restrained Relays for Differential Protec- 
tion, by L. F. Kennedy and C. D. Hayward, A.I.E.E. Trans- 
actions, Vol. 57, May 1938, pages 262-271. 

15. Relay Protection for a Large Regulating Transformer, by W. 
C. Marter, The Electric Journal, Vol. 36, March 1939, pages 
87-88. 

16. Bus Protection, A.I.E.E.-E.E.I. Committee Report, A.J.E.E. 
Transactions, Vol. 58, May 1939, pages 206-211. 

17. Considerations in Applying Ratio Differential Relays for Bus 
Protection, by R. M. Smith, W. K. Sonnemann and G. B. 
Dodds, A.J.H.E. Transactions, Vol. 58, June 1939, pages 243- 
252. 

18. Current Transformers and Relays for High-Speed Differential 
Protection, with Particular Reference to Off-Set Transient 
Currents, by E. C. Wentz and W. K. Sonnemann, A,J/.E.E. 
Transactions, Vol. 59, Aug. 1940, pages 481-488. 

19. A High Speed Differential Relay for Generator Protection, by 
W. K. Sonnemann, A.J.E.E. Transactions, Vol. 59, Nov. 1940, 
pages 608-612. 

20. Prolonged Inrush Currents with Parallel Transformers Affect 
Differential Relaying, by C. D. Hayward. A.I.E.E. Technical 
Paper 41-65. 

21. Linear Couplers for Bus Protection, by E. L. Harder, E. C. 
Wentz, W. K. Sonnemann, E. H. Klemmer. A paper presented 
at the A.I.E.E. Winter Convention, Jan. 1942. 

22. Predicting Performance of Bus Differential Systems, by E. C. 
Wentz and W. K. Sonnemann, Westinghouse Engineer, Feb. 
1942, page 28. 

23. The Effect of Direct Current in Transformer Windings, by 
E. L. Harder, Electric Journal, Vol. 27, Oct. 1930, page 601. 

24. Bus Protection Independent of Current Transformer Charac- 
teristics, by G. Steeb, A.ILE.E. Technical Paper No. 41-99. 

25. System Protection Analysis Precedes Oswego Design, by G. 
Steeb, Electrical World, Vol. 116, Nov. 1, 1941, page 57. 

26. Vibration Protection for Rotating Machinery, R. L. Webb, 
C.S. Murray. A.J.£.E. Transactions, Vol. 63, July 1944, pages 
534-7. 

27.. Linear Couplers. Field Test and Experience at York and 
Middletown, Pa., E. L. Harder, E. H. Klemmer and R. E. 
Neidig. A.I.E.E. Transactions, Vol. 65, Mar. 1946, pages 107- 
13. 

28. Motoring Protection for A-C Generators, L. L. Fountain. 
Westinghouse Engineer, Vol. 6, November 1946, pages 190-91. 

29. Relay Protection of Power Transformers, A.I.E.E. Relay Com- 
mittee. A.J.E.E. Transactions, Vol. 66, 1947, pages 911-15. 


Chapter 11 


30. 


Recommended Practices for the Protection of Electrical Ap- 
paratus, A.IL.E.E. Relay Subcommittee. A./.2.E. Transactions, 
Vol. 52, 1933, pages 607-13. 


30.1 Relay Protection for Large Regulating Transformers, W, E. 


Marter. Electric Journal, Vol. 36, March 1939, pages 87-8. 


30.2 Current Transformer Excitation under Transient Conditions, 


D. E. Marshall, P. O. Langguth. A.J.Z.E. Transactions, Vol. 
48, 1929, pages 1464-74. 


Transmission Line Protection (except carrier and pilot wire) 


3l. 


32. 


33. 


34. 


36. 


37. 


38. 


39. 


40. 


AL, 


High-Speed Relays Increase System Stability, by 8. L. Golds- 
borough, The Electric Journal, Vol. 27, July 1930, pages 400- 
401. 

Fundamental Basis for Distance Relaying on Three-Phase 
Systems, by W. A. Lewis and L. 8. Tippett, AJ.£.E. Trans- 
actions, Vol. 66, 1947, pages 694-709. 

A New High-Speed Distance Relay, by 8. L. Goldsborough 
and W. A. Lewis, A.LE.E. Paper 32M1, Presented Winter 
Convention, Jan. 26, 1982. Abstract, Electrical Engineering, 
Vol. 51, March 1932, pages 157-160. 

High Speed Distance Relay (Type HCZ Relay), by L. N. 
Crichton, The Electric Journal, Vol. 32, Dec. 1935, pages 537- 
542. 


. A New Distance Ground Relay, by §. L. Goldsborough and 


R. M. Smith, A.J.Z.H. Transactions, Vol. 55, June 1936, pages 
607-703; Disc. Vol. 55, Nov. 1936, pages 1255-1256. 

High Speed Balanced-Current Relays for Parallel Lines, by 
8. C. Leyland, The Electric Journal, Vol. 33, Aug. 1936, pages 
347-350. 

A System Out-of-Step and Its Relay Requirements, L. N. 
Crichton, AJ.#.E. Transactions, Vol. 56, Oct. 1937, pages 
1261-1267; Disc. Vol. 57, May 1938, pages 284-286. 
High-Speed Relaying Experience and Practice, A.I.E.E. Com- 
mittee Report, A.J.L.#. Transactions, Vol. 58, Nov. 1939, 
pages 588-592. 

Out-of-Step Blocking and Selective Tripping with Impedance 
Relays, by H. R. Vaughan and E. C. Sawyer, A.I.E.H. Trans- 
actions, Vol. 58, Dec. 1939, pages 637-646. 

An Improved Polyphase Directional Relay, by Bert V. Hoard, 
A..E.E. Paper 41-62. 

A Distance Relay with Adjustable Phase Angle Discrimination. 
S. L. Goldshorough. A.J.E.£. Transactions, Vol. 63, 1944, 
pages 835-838. 


Carrier-Current Relaying 


51. 


52, 


53. 


o4, 


55. 


One Cycle Carrier Relaying Accomplished, by P. Sporn and 
C. A. Muller, Electrical World, Vol. 105, Oct. 12, 1935, pages 
26-28. 

A Faster Carrier Pilot Relay System, by O. C. Traver and E. 
H. Bancker, A.J.E.£. Transactions, Vol. 55, June 1936, pages 
689-696; Dise. Vol. 55, Nov. 1936, pages 1252-1254. 

Carrier Relaying and Rapid Reclosing at 110 Kv, by R. E. 
Pierce, R. I. Powers, E. C. Stewart and G. E. Heberlein, 
ALE. Transactions, Vol. 55, Oct. 1936, pages 1120-1129, 
A New High-Speed Distance-Type Carrier Pilot Relay System, 
by E. L. Harder, B. E. Lenehan and 8. L. Goldsborough, 
ALEVE. Transactions, Vol. 57, Jan. 1938, pages 5-10; Disc. 
Vol. 57, May 1938, pages 291-294. 

A New Carrier Relay System, T. R. Halman, S. L. Golds- 
borough, H. W. Lensner, A. F. Drompp. A./.#.2£. Trans- 
actions, Vol. 63, 1944, August issue, pages 568-72. 


Pilot-Wire Relaying 


61. 


“62, 


D-C Pilot-Wire Loop Protects 66 Kv. Cable Circuits, by J. H. 
Neher, Electrical World, Vol. 101, Mar. 25, 1933, pages 384- 


387. 


A Single-Element Differential Pilot Wire Relay System, by 


Relay and Circuit-Breaker Application 


63. 


64. 


65. 
66. 


67. 


399 


E. L. Harder and M. A. Bostwick, The Electric Journal, Vol. 
35, Nov. 1938, pages 443-448. 

Ratio Differential Protection of Transmission Lines, by R. 
M. Smith and M. A. Bostwick, A.I.E.E. Technical Paper, No. 
39-154, Aug. 1939. 

An Improved A-C Pilot Wire Relay, by J. H. Neher and A. J. 
McConnell, A.I.E.E, Technical Paper, No. 40-127, July 1940. 
Pilot Wire Circuits for Protective Relaying—Expericnce and 
Practice, A.IL.E.E. Relay Committee. A.J.£.H. Transactions, 
Vol. 62, May 1943, pages 210-14. 

Protection of Pilot Wire Circuits, E. L. Harder, M. A. Bost- 
wick. A.J.E.E. Transactions, Vol. 61, September 1942, pages 
645-51. 

Protection of Pilot Wires from Induced Potentials, R. B. Killen, 
G.G. Law. A.J.E.H. Transactions, Vol. 65, 1946, May section, 
pages 267-70. 


Instrument Transformers 


71. 


72. 


73. 


74. 


75. 


76. 


Current Transformer Excitation Under Transient Conditions, 
by D. E. Marshall and P. O. Langguth, A.J.#.E. Transactions, 
Vol. 48, Oct. 1929, pages 1464-L474. 

What the Tests Show (Refers to Indianapolis Tests on Break- 
ers, Relays and Potential Devices), by P. O. Langguth and 
R. M. Smith, The Electric Journal, Vol. 30, March 1933, pages 
98~101. 

Capacitor Potential Devices, by P. O. Langguth, The Electric 
Journal, Vol. 31, March 1934, pages 107-109, 112. 
Overcurrent Performance of Bushing Type Current Trans- 
formers, by C. A. Woods, Jr. and S. A. Bottonari, AJ.E.E. 
Transactions, Vol. 59, Sept. 1940, pages 554-560. 

Transient and Steady State Performance of Potential Devices, 
by E. L. Harder, P. O. Langguth and C. A. Woods, Jr., 
A.L.E.E. Transactions, Vol. 59, Feb. 1940, Pages 91-102. 
Rating of Potential Devices and Suggested Material for a 
Standard, by J. E. Clem and P. O. Langguth, A.LE.E. Tech- 
nical Paper, No. 40-94, June 1940. 


General Relaying 


81. 
82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


Building a New Power System, by F. 8. Douglass and A. C. 
Monteith, The Electric Journal, Vol. 30, Feb. 1933, pages 55-59. 
Planned Protective System, by A. C. Monteith and W. A. 
Lewis, Electrical World, Vol. 106, Nov. 21, 1936, pages 40-42. 
Coordination of Fuse Links, Method of Comparing Fuse Links 
and Relays for Sectionalization and Protection, by E. M. Ad- 
kins, Electrical World, Vol. 107, March 13, 1937, pages 877, 952. 
Pennsylvania Railroad New York-Washington-Harrisburg 
Electrification-Relay Protection of Power Supply System, by 
E. L. Harder, A.J.#.E. Transactions, Vol. 58, June 1939, pages 
266-276. 

Sensitive Ground Protection for Radial Distribution Feeders, 
by L. F. Hunt, and J. H. Vivian, A.J.E.E. Transactions, Vol. 
59, Feb. 1940, pages 84-90. 

Factors Contributing to Improving Electric Service by Means 
of High-Speed Switching and Utilization of Stored Energy, by 
J. T. Logan and John H. Miles, A.J.E.E. Transactions, 1941, 
page 1012. 

Principles and Practices of Relaying in the United States, by 
E. L. Harder and W. E. Marter. A.J.4.E. Transactions, 1948, 
pages 1005-22. 

Protection of Power House Auxiliaries, A.I.E.E. Relay Com- 
mittee. A.J.H.E. Transactions, Vol. 65, 1946, pages 746-751, 
Disc. pages 1115-1116. 

Protection of Three-Terminal Lines. M. A. Bostwick, I. L. 
Harder. Westinghouse Engineer, Aug. 1943, pages 76-79. 
Interim Report on Operation and Application of Out-of-Step 
Protection. A.ILE.B. Relay Committee. A.J.#.E. Trans- 
actions, Vol. 62, Sept. 1943, pages 567-73. 


400 


91. 


92. 


93. 


04. 


100. 


101. 


102. 


103. 
104. 


105. 


106. 


107. 
108. 


109. 
110. 
111. 
112. 


113. 


Relay and Circutt-Breaker Application 


Nine Year’s Experience with Ultrahigh-Speed Reclosing of 
High-Voltage Transmission Lines, Philip Sporn, C. A. Muller. 
A.J.E.E. Transactions, Vol. 64, 1945, May section, pages 225-8. 
High-Speed Single-Pole Reclosing, J. J, Trainor, J. E. Hobson, 
H. N. Muller, Jr. AJ.E.E. Transactions, Vol. 61, February 
1942, pages 81-7. 

Grounding of Instrument-Transformer Secondary Circuits, 
A.LE.E. Relay Subcommittee, A.J.Z.E. Transactions, Vol. 66, 
1947, pages 419-20. 

High-Speed Relaying Experience and Practice. A.I.E.E. Relay 
Committee, A.J.L.E. Transactions, Vol. 58, 1939, pages 588- 
91. 


CIRCUIT BREAKERS 


A Brief Review of Switchgear and Circuit Breaker Practice 
in the United States, by M. H. Hobbs, 4./.#.£. Transactions, 
Vol. 67, Part II, page 893. 

The Interruption of Charging Current at High Voltage, by 
W. M. Leeds and R. C. Van Sickle, A.J.#.2. Transactions, 1947. 
The 13,500 KVAR Static Capacitor Installation at Newport 
News, by E. L. Harder and V. R. Parrick, A.J.H.E. Trans- 
actions, 1944. 

Power Circuit Breaker Ratings, by R. C. Van Sickle, A.J.EZ.E. 
Transactions, Vol. 60, page 882. 

Surge Protection of Cable Connected Equipment, by R. L. 
Witzke and T. J. Bliss, A.I.E.E. Paper 50-83. 

American Standards for Alternating-Current Power Circuit 
Breakers, C37.4 and C37.5-1945, C37.6-1949, C37.7 and C37.8- 
1945, C37.9-1945. 

Report on Guiding Principles for the Specification of Service 
Conditions in Electrical Standards, A.I.E.E. No. 1B, 1944. 
Air Circuit Breakers, A.IL.E.E. No. 20, 1930. 

Low-Voltage Air Circuit Breakers, Proposed A.I.E.E. No. 20A, 
1946. 

Power Circuit Breaker Standards, NEMA 46-116. 

Large Air Circuit Breaker Standards, NEMA 46-109. 
Standard for Branch-Circuit and Service Circuit Breakers, 
Underwriters Laboratories No. 489. 

Standards for Switchgear Assemblies, A.I.E.E. No. 27, 1942. 
NEMA No. 44-92. 

Power Switchgear Assemblies Standards. 


132. 
133. 


Chapter 1] 


FAULT CALCULATIONS 


. System Short-Circuit Currents by W. M. Hanna, H. A. Tray. 


ers, C. F. Wagner, C. A. Woodrow, and W. F. Skeats, A.J.E.E. 
Transactions, Vol. 60, page 877. 


5. New Fault-Current-Calculating Procedure Recommended to 


Industry, Electrical Engineering, Vol. 60, page 596. 


. Simplified Calculation of Fault, Currents, an A.I.E.E. Com- 


mittee Report, Electrical Engineering, November 1948. 


. Standard Decrement Curves, By W. C. Hahn and C, F. Wag. 


ner, A.J.E.E. Transactions, Vol. 51, 1932, page 353. 


. Decrement of Short-Circuit Currents, by C. F. Wagner, Electric 


Journal, March, April and May 1933. 


. Symmetrical Components, by C. F. Wagner and R. D Evans 


(a book) McGraw-Hill Book Company, 1933. 


. Sequence Network Connections for Unbalanced Load and 


Fault Conditions, by E. L. Harder, Electric Journal, Vol. 34, 
Dec. 1937. 


. Thevenin’s Theorem, by E. L. Harder, Electric Journal, Vol. 35, 


Oct. 1938. 


. Calculation of Fault Current in Industrial Plants, by Raymond 


C. R. Schulze, Electrical Engineering, June 1941. 


. Enclosed Bus-Bar Electrical Distribution Systems for Indus- 


trial Plants, by E. T. Carlson, A.J.E.E. Transactions, Vol. 60, 
page 297. 


. Impedance of Three-Phase Secondary Mains in Nonmetallic 


and Iron Conduits, by L. Brieger, EEI Bulletin, Feb. 1938. 


. Formulas and Tables for the Calculation of Self and Mutual 


Inductance, by E. B. Rosa and F. W. Grover, Scientific Paper 
No. 169, Bureau of Standards. 


. Reactance Values for Rectangular Conductors, by H. B. 


Dwight, Electric Journal, June 1919. 


. Inductance and Reactance of Rectangular Bar Conductors, by 


O. R. Schurig, General Electric Review, May 1933. 


. Calculations of Inductance and Current Distribution in Low- 


Voltage Connections to Electric Furnaces, by C. C. Levy, 
AJ.H.E. Transactions, Vol. 51, page 908. 


. Current Carrying Capacity of Bare Conductors, by H. W. 


Papst, Electrical World, Sept. 21, 1929. 


. Reactance of Square Tubular Busbars, by H. B. Dwight and 


T. K. Wang, A.J.E.E. Transactions, Vol. 57, page 762. 


. Alcoa Aluminum Bus Conductors, Aluminum Company of 


America. 
Chase Electrical Handbook, Chase Brass and Copper Company. 
Anaconda Copper Bus Conductors, Publication C-25. 


CHAPTER 12 
POWER-LINE CARRIER APPLICATION 


Author: 
R. C. Cheek: 


I. INTRODUCTION 


ARRIER equipment has been used on the power 
C systems of this country since the early 1920s. At 
first, carrier was used for voice communication only, 
but its applications subsequently expanded to include a 
wide variety of functions such as protective relaying, tele- 
metering, supervisory control, and others. Today, carrier 
is indispensable to the operation of most power systems. 
Power-line carrier offers rapid and dependable communica- 
tion for interoffice business and for load dispatching. Car- 
rier relaying permits high-speed clearing of all types of 
faults, with an attendant increase in stability limits and 
permissible line loading. Carrier provides economical 
channels for the telemetering of continuous load informa- 
tion to dispatchers for efficient system operation. Carrier 
channels are used for the remote supervision and control of 
many important substations and for automatic load con- 
trol of numerous large generating units. 

The application of carrier equipment for the transmis- 
sion of high-frequency signals over a 60-cycle power trans- 
mission system involves many problems that most com- 
munication engineers do not have to face. The configura- 
tion and layout of these systems is invariably dictated by 
6§0-cycle considerations, and short taps and spur lines that 
can play havoc with carrier-frequency transmission are 
included without regard to their effect upon such high fre- 
quencies. The power system communications engineer 
must nevertheless take the 60-cycle system as it exists and 
make the carrier equipment operate satisfactorily between 
the required points, drawing heavily upon his experience . 
and ingenuity to stay within his usually limited Budget.” 

The process of applying carrier to power lines is still 
largely empirical, because the complexity of the usual 
power system makes the exact calculation of all the effects 
practically impossible. However, an appreciation of the 
fundamental principles involved and the use of the prac- 
tical data that have been gathered through the years 
usually permit the characteristics of a proposed carrier 
channel to be predicted with adequate accuracy. 

In this chapter, a review of the major applications of 
Power-line carrier is followed by discussion of some of the 
fundamental considerations in the transmission of high- 
frequency energy over power systems. The remainder of 
the chapter provides data on the practical application of 
Power-line carrier channels. 


1. Carrier Frequencies 


For many years the band of frequencies from 50 to 150 
kilocycles was considered the normal carrier band. How- 


ever, the greatly increased application of carrier equipment 
of the past decade has resulted in virtual saturation of this 
band on most interconnected power systems, and many 
new channels have been established at frequencies as high 
as 200 ke and as low as 30 kc. The practical limits to ex- 
tension of the frequency band will probably be established 
by excessive losses at the high-frequency end of the 
spectrum, and by the bulkiness and complexity of coupling 
and tuning equipment and the difficulty of obtaining suf- 
ficiently broad tuned circuits at the lower-frequency end. 
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Power-line carrier communication systems differ in the 
method of calling, the power supply, or in the modulation 
system, but any given assembly can be classified as simplex 
or duplex, depending upon its operation. 

A simplex system is one in which transmission can pro- 
ceed from one station only at any given instant. In sim- 
plex communication all stations on a channel operate on a 
single frequency. Transmission and reception cannot take 
place simultaneously on the same frequency at one station, 
because the transmitter blocks the local receiver and may 
even damage it permanently unless the receiver is de-ener- 
gized during transmission periods. The simplex system 
therefore requires means for turning off the receiver and 
energizing the transmitter during transmission. 

Requiring only a single carrier frequency, simplex equip- 
ment lénds’ifself readily to applications in extensive car- 
rier-communication systems involving more than two 
terminals. It is economical of space in the carrier-fre- 


“quency spectrum because the same frequency is used at all 


transmitting points. Crowding of the spectrum is a serious 
problem on many power systems today, and this factor 
alone is often sufficient to justify its application. 

A duplex system is one in which transmission can take 
place simultaneously from both stations, as in ordinary 
telephone service. In the duplex system, the first of two 
frequencies is used for transmission at one station, 
the second for reception. At the other station, the first 
frequency is used for reception, the second for transmis- 
sion. 

Duplex operation normally is limited to two terminals 
per channel, unless communication is desired between a 
central office and several other stations not requiring 
intercommunication. Its major advantage, one that in the 
minds of some users outweighs any disadvantages, is its 
ability to provide two-way conversation without the 
switching operations required by the simplex system. 
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3. The Single-Frequency Manual-Simplex System 

In the single-frequency manual-simplex system, shown 
diagrammatically in Fig. 1, “send-receive” switching oper- 
ations are performed by the speaker with a pushbutton on 
the telephone handset. Although provision can be made 
for complete operation over a two-wire extension, a control 
circuit separate from the speech circuits generally is re- 
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Fig. 1—Basic units of manual simplex communication assem-~ 
bly with code-bell calling. 
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quired. The need for d-c control circuits and the fact that 
a special telephone instrument with a “push-to-talk” but- 
ton is necessary preclude any simple method of extending a 
manual-simplex telephone channel through a conventional 
private-branch-exchange board. 

This sytem is the simplest of the carrier-communication 
systems in terms of the amount of equipment required and 
in ease of adjustment after installation. For dispatching 
and other applications where users are accustomed to 
handling push-to-talk handsets, it is an entirely adequate 
system. 


4, The Two-Frequency Duplex System 


The basic units of a two-frequency duplex assembly are 
shown in Fig. 2. A photograph of a typical complete 
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Fig. 2—Basic units of two-frequency duplex communication 
assembly with code-bell calling. 
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assembly is given in Fig. 3. Aside from the fact that the 
transmitter and receiver operate on different frequencies, 
the most important difference between this system and the 
manual simplex system is the addition of the audio hybrid 
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Fig. 3—Typical two-frequency duplex assembly. Panel units, 

top to bottom, are transmitter, audio amplifier, blank test- 

meter unit, superheterodyne receiver, audio hybrid and 

signalling units, switch and fuse unit, high-voltage power 

supply, low-voltage power supply, and voltage-adjusting 
autotransformer unit. 


unit. It is this unit that makes it possible for the trans- 
mitter and the receiver to operate continuously during the 
conversation, without switching operations, with a con- © 
ventional two-wire telephone extension. 2 

The purpose of the hybrid unit can best be understood ~~ 
by considering what would happen to a two-frequency 
duplex channel if an attempt were made to operate into 
two-wire telephone extensions at each end without hybrid 
units. With such a system, the audio output of the re- 
ceiver would be connected directly to the input terminals 
of the audio amplifier and would modulate the transmitter 
output. This signal would be received at the distant sta- 
tion, amplified by the audio amplifier, and transmitted 
back to the first station, where it would be amplified again 
and retransmitted. An oscillatory circuit would thus exist, J 
and the outputs of the receivers at both stations would be 4 
an audio howl of a frequency equal to the natural fre- g 
quency of the complete loop. TRis howl would make the J 
circuit useless for communication purposes. 4 

The audio hybrid unit prevents this howl by reducing the 4 
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amount of receiver output that reaches the audio amplifier 
input terminals to a value insufficient for continuous oscil- 
lation. The unit contains a three-winding transformer 
connected between the telephone line and the transmitter 
and receiver terminals as shown in Fig. 4. The balancing 
network must be a group of resistors, capacitors, and in- 
ductors connected in a network whose impedance matches 
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RECEIVER 
AUDIO OUTPUT 


BALANCING 
NETWORK 


2-WIRE 
EXTENSION 


Fig. 4—Typical hybrid coil and connections. The components 

of the balancing network are chosen to match the input 

impedance of the telephone extension as nearly as possible 
over the voice-frequency band. 


closely the impedance of the telephone line and associated 
equipment, as viewed from the hybrid unit terminals, over 
the band of audio frequencies transmitted by the carrier 
equipment. Examination of Fig. 4 shows how a typical 
hybrid transformer is intended to accomplish its function 
of placing the signal from the receiver upon the telephone 
line without producing a corresponding signal voltage 
across the input terminals of the transmitter audio ampli- 
fier. The receiver output is fed into the hybrid transformer 
ut the junction of two identical windings. These two wind- 
ings are in series with identical impedances, so that the 
receiver output current divides equally between the two. 
‘!he ampere turns in the two windings balance or neutralize 
each other, leaving no ampere turns to be balanced by cur- 
rent in the third winding. The voltage across this third 
winding is therefore theoretically zero as far as the effect 
of signals from the receiver is concerned. 

For a signal from the telephone line, however, the cur- 
rents in the two identical windings are in essentially the 
same direction, some flowing through the receiver output 
transformer and the remainder flowing through the bal- 
ancing network. A corresponding voltage therefore ap- 
pears across the terminals of the third winding. 

It is essential that telephone extensions used with duplex 
assemblies be properly terminated and be free of discon- 
tinuities. Received signals transmitted along an extension 
ind reflected from such discontinuities back toward the 
Carrier set appear to the hybrid unit as normal signals to 
be transmitted and may make it impossible to achieve a 
satisfactory balance with any type of balancing network. 

The determination of the proper balancing network and 
the adjustment of audio levels after installation are usually 
the major problems in the application of two-frequency 
duplex equipment. 


5. The Multi-Station Duplex System 


The multi-station duplex system provides the advan- 
tages of duplex communication between any two of a num- 
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Fig. 5—Basic units of multi-station two-frequency duplex 
communication assembly with code-bell calling. 


ber of stations on a channel. The basic units are shown in 
Fig. 5. Two transmitters and two receivers are included in 
each assembly, but other units, such as power supphies and 
amplifiers, are not duplicated. 

The transmitter and receiver used at a given station de- 
pend upon the point of origin of the call. Designating the 
two frequencies as Ff; and F2, for example, all stations 
would normally receive on F;. A station originating « call, 
however, transmits on F;. The F transmitter is sclected 
by the calling party by the simple act of picking up the 
telephone handset. The closing of the d-c circuit through 
the hook switch operates a relay, which causes the con- 
tactor unit to apply the output of the audio amplifier to 
the audio terminals of transmitter F,. Simultaneously the 
contactor unit energizes the transmitter and applies the 
output of receiver F2 to the audio hybrid unit. At the 
called station, the reception of the carrier signal from the 
calling station on receiver F’, operates a relay whose con- 
tacts open to prevent the transfer from transmitter F’2 to 
transmitter F, from being made by the contactor unit 
when the called party replies. Transmitter F', and receiver 
F, at the calling station and transmitter Ff. and receiver F; 
at the called station remain energized throughout the con- 
versation. When the conversation is completed, the hang- 
ing up of the telephones at both stations returns conditions 
to normal, with all] stations receiving on F. 


6. The Single-Frequency, Automatic-Simplex 
System 


Single-frequency automatic simplex is the most versatile 
of all the power-line carrier-communication systems. The 
number of stations on a given channel is not limited to two, 
as is the case with the usual two-frequency duplex system; 
it permits a single conversation among several stations on 
the channel, and it permits operation with two-wire tele- 
phone extensions and through PBX boards without re- 
quiring balance of a hybrid unit. 

Modern automatic-simplex equipment eliminates ob- 
jections to “‘send-receive” switching because this function, 
accomplished automatically, is so rapid and quiet that the 
user often is unable to detect its occurrence. In up-to-date 
automatic-simplex equipment, the transfer is made so 


404 


OUTGOING CARRIER 
TO LINE 


TRANSMITTER 


TUNER 

TRANSMITTER 

BLOCKING BIAS 

TRANSFER 
UNIT 
& AUDIO AMPLIFIER 

ouTsoINGly 7 BLOCKING BIAS 
AUDIO INCOMING 
CARRIER 


AUDIO 
AMPLIFIER 


OUTGOING 
AUDIO 


CALLING 
UNIT 


RINGING 
UNIT CONTROLLED 
AMPLIFIER 
INCOMING 
AUDIO 
SUPERHET 


RECEIVER 


Fig. 6—Basic units of automatic simplex assembly with code- 
bell calling. 


rapidly that after every slight pause, or even between 
words, a party speaking can be interrupted. 

A typical assembly for automatic-simplex communica- 
tion is shown in the block diagram of Fig. 6. In addition 
to the units used in the two-frequency duplex assembly, 
automatic-simplex operation requires an electronic-trans- 
fer unit and a receiving audio-amplifier unit. The latter 
provides a convenient place to block receiver audio output 
without disabling the radio-frequency portion. 

~The transmitting audio amplifier in the stand-by condi- 
tion is unblocked and ready to amplify voice signals from 
the telephone line. Reception of a carrier signal blocks the 
amplifier, so that once reception has started, no transmis- 
sion can occur until the equipment returns to the stand-by 
condition. On the other hand, if an outgoing voice signal 
reaches the amplifier from the telephone line with the 
stand-by condition in effect, it causes the entire receiver to 
be blocked so that no signal can be received until conditions 
return to stand-by. The switch from transmit to receive 
and vice versa requires that the equipment pass through 
the stand-by condition in each direction. 

The electronic-transfer unit is the key unit in the auto- 
matic-simplex assembly. It switches the equipment auto- 
matically from stand-by to transmit or receive as required. 
A typical automatic simplex assembly is shown in Fig. 7. 


7. Calling Systems 


A number of different systems of establishing a call over 
a carrier channel are in general use. The most important 
are the following: code-bell calling, voice calling, automatic 
bell calling, and dial selective calling. 

Code-bell calling is the system of calling often used on 
rural party lines in which all telephones on a given circuit 
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Fig. 7—Typical automatic simplex communication assembly. 

Units top to bottom, at left, superheterodyne receiver, switch 

and fuse panel, and high-voltage power supply. At right, 

transmitter, audio amplifier, hybrid and signalling unit, 

electronic transfer unit, bias-controlled audio amplifier, and 
two low-voltage power supplies, 


ring, the desired party being indicated by a code made up 
of long and short rings. The calling party transmits the 
code by turning a hand generator or by applying a voltage 
to the line with a push-button on his telephone instrument. 
All telephones on the system ring in accordance with the 
transmitted code. 

In the voice calling system, the call is placed by simply 
speaking the desired party’s name into the telephone trans- 
mitter. Loudspeakers with individual amplifiers are pro- 
vided at all telephone extensions to call the desired party. 
The loudspeaker is disconnected when the telephone in- 
strument is picked up. Calling by voice is supplemented 
in some installations, especially those where ambient noise 
level is high, by a high-frequency audio tone, which 13 
applied to the loudspeaker for a few seconds at the time 
the calling party picks up his telephone instrument. 

In the automatic bell calling system, the bells on the 
telephone instrument or instruments at the opposite ter- 
minal are rung automatically when the calling party picks 
up his handset. The ringing continues for % few seconds 
and then is cut off automatically. To repeat the ring the 
calling party must hang up the telephone instrument and 
remove it again, or close the hook switch manually and 


then release it. Because this system provides no means 3 
of indicating which telephone on an extension should be 4 
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answered, it is used only on point-to-point carrier systems 
where only one extension is used at each end of the channel. 
4 carrier channel linking two PBX boards provides an 
ideal application for the automatic bell calling system. 

In dial selective calling, the desired number is dialed in 
the conventional dial-telephone manner. Each carrier set 
includes its own line-selector unit, which receives incoming 
dial pulses and applies ringing voltage to the wanted ex- 
tension. Each of these selector units is in itself a complete 
private automatic-telephone exchange. The automatic- 
simplex carrier system with selective calling provides 
nearly every operating feature found on modern dial-tele- 
phone systems, such as a busy signal, a revertive or ring- 
pack signal, local intercommunication, executive right-of- 
way or preferential service, and a disconnect signal. 


8. Power Supply for Communication Assemblies 


Alternating current at 120 or 240 volts generally has 
heen used to supply carrier-communication equipment. 
At locations remote from generating sources, automatically 
starting motor-generator sets or converters have been used 
to provide power for the carrier set during emergencies or 
upon loss of normal a-c supply. This practice still is fol- 
lowed on long-haul channels using relatively high-powered 
equipment. Modern developments, however, have pro- 
vided equipment capable of operating directly from 125- 
or 250-volt station batteries, making it possible to provide 
uninterrupted communication more economically, and 
without the maintenance problems associated with rotat- 
ing equipment and accompanying control devices. 


9. Carrier Relaying 


Carrier-relaying systems and their application have been 
discussed in Chap. 11. A typical system is shown in Fig. 20 
of that chapter. The application of the carrier equipment, 
is opposed to the application of the relays themselves, is 
basically the same as that for other carrier applications. 
The problems are greatly simplified, however, by the fact 
that relaying channels are always limited to the extent of 
single line section and include line traps at each terminal. 
The relaying system normally requires use of the channel 
only during an actual fault, and the equipment is free for 
other applications for the remainder of the time. The sys- 
lem is always arranged so that the relays can interrupt 
any auxiliary functions in progress when a fault occurs. 

A form of voice communication often termed “emergency 
communication” is usually inherently available in carrier 
equipment provided for relaying. Such communication is 
limited to the line section being protected, and since it is 
2 “push-to-talk” system it is not suited to use with lengthy 
extensions or PBX boards. A rudimentary calling system, 
Using the carrier itself as a calling signal, is usually em- 
ployed. Because of these and other limitations, the com- 
munication function provided by carrier-relaying assem- 
blies should not be considered in the same category with 
that provided by assemblies designed specifically for 
Communication purposes. 


10. Carrier Telemetering® 


Telemetering is the indicating or recording of a quantity 
at a location remote from that at which the quantity 
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exists. The quantities most often telemetered on power 
systems are electrical quantities, usually kilowatts and 
kilovars; but hot-spot temperature, water level, tap- 
changer position, and many other quantities can be 
telemetered. 

Some telemetering systems are intended for operation 
over metallic conductors only. Among these are the 
torque-balance and the slide-wire systems. Others are 
adaptable for use either over metallic conductors or carrier 
channels. These latter systems are generally based upon 
the principle of converting the indication to be telemetered 
into pulses of a definite character, a variation in the tele- 
metered quantity being reflected as a variation in some 
characteristic of the transmitted pulse. 

In the impulse-rate system, the frequency or rate of the 
pulses varies in proportion to the magnitude of the tele- 
metered quantity. A reference or base rate of impulsing 
represents a magnitude of zero; impulse rates above the 
base rate represent positive increments in the quantity, 
and impulse rates below the base rate represent negative 
increments. 

In the impulse-duration system, the frequency of the 
pulses is constant. The duration of the pulse during a 
complete pulsing cycle is proportional to the magnitude 
of the telemetered quantity. 

The pulse telemetering systems ure well suited to opera- 
tion over carrier channels. The fact that the intelligence 
transmitted takes the form of simple pulses makes it pos- 
sible to use in many applications a simple carrier assembly 
in which an unmodulated carrier is turned on and off by a 
pair of contacts controlled by the telemetering device. No 
special modulation schemes are necessary with these sys- 
tems, and the accuracy of the received information is 
independent of variations in the attenuation of the channel 
over which it is transmitted. 


11. Impulse-Duration vs. Impulse-Rate Systems 


Impulse-duration systems are adaptable to telemetering 
a much wider variety of quantities than is the impulse-rate 
system, which is generally suitable only for the telemeter- 
ing of electrical quantities, primarily kilowatts and kilo- 
vars. The Bristol Metameter system, for example, can be 
supplied with measuring elements for the telemetering of 
pressure, liquid level, and a number of other mechanical 
or hydraulic readings. The impulse-duration receiving 
instruments have the additional advantage that they 
can be easily adapted to retransmission of individual or 
totalized quantities. 

The impulse-rate system, however, has a number of 
advantages in those applications to which it is suited. A 
complete impulse-rate system, including a suitable record- 
ing instrument, generally costs less than a corresponding 
impulse-duration system. The accuracy of the impulse- 
rate system is not affected by reasonable variations in the 
duration of the ‘‘on” and “off”? periods of the impulse, an 
important consideration in applications where the tele- 
metering signal must be received and re-transmitted at 
several points along its channel. Careful attention must, 
be paid to the operating times of mechanical relays, and 
to the time-lag in audio-relay circuits, when impulse-dura- 
tion signals are passed along in this fashion. Also, large 
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variations in signal level due to changes in attenuation 
affect the accuracy of impulse-duration systems operating 
on audio tones to an extent depending upon the flatness 
of the receiver ave (automatic-volume-control) charac- 
teristic. 


12. Power-Line Carrier Telemetering Assemblies 


The channel requirements for impulse telemetering sys- 
tems are relatively simple; and because transmission alone 
or reception alone is usually required, the assemblies used 
for telemetering purposes are often correspondingly sim- 
ple. If a single set of impulses is to be transmitted from a 
given point, the assembly often consists of a single fre- 
quency-shift carrier transmitter with a self-contained, a-c 
power supply. The carrier-frequency output of the trans- 
mitter is controlled directly by the impulse-forming de- 
vice, which shifts the output back and forth between the 
mark and space frequencies as its contacts close and open. 

At the receiving end of such a channel, a frequency-shift 
receiver is used to receive the carrier signal. The receiver 
operates a relay which in turn keys the impulse receiver. 

In applications where more than two or three quantities 
are to be telemetered from a single point simultaneously, 
it is common practice to use audio-tone transmitter units 
to modulate the carrier-frequency signal. One tone fre- 
quency is used for each telemetered quantity, and the car- 
tier wave is left on continuously. The telemetering as- 


Fig. 8—Typical tone telemetering assembly with carrier re- 

ceiver and eight tone receivers, and carrier transmitter with 

two tone transmitters. This assembly is capable of receiving 

eight simultaneous telemetered indications on one carrier 

frequency and transmitting two simultaneous indications on 
another. 


sembly of Fig. 8 is used to receive eight separate telemeter- 
ing tones on a single carrier frequency and transmit two 
other tones on another. 
13. Load-Frequency Control 

Load-frequency control is the control of the output of a 
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generator or a group of generators on a system in such a 
way as to maintain the system frequency and to regulate 
the interchange of power with other systems in accordance 
with a predetermined plan. 

The frequency of a system or a group of interconnected 
systems is constant if the governor settings on all the prime 
movers cause the generators to produce exactly the amount 
of power required to supply the total load. If some of the 
load is suddenly lost, that part of the prime mover output 
initially supplying the dropped load is absorbed in accel- 
erating all the units on the system, and a rise in system 
frequency occurs. Under these conditions, the output of 
one or more of the prime movers on the system must be 
reduced to restore the frequency to normal, and then 
increased slightly to maintain normal frequency. 

In the operation of large interconnected systems or 
power pools, it is the practice for one large generating 
station to regulate its output on the basis of system fre- 
quency, reducing the governor settings of one or more 
prime movers if the system frequency is high and increas- 
ing the settings if the frequency is low, without regard to 
tie-line loads or total interchange of power with other 
systems. This type of operation is called flat frequency 
control. The other systems in the interconnected group 
regulate prime-mover outputs on the basis of the inter- 
change of power among systems. For these other systems, 
there are several possible types of operation, most of which 
are based on regulating to produce a pre-determined net 
tie-line loading when frequency is normal, but allowing the 
tie-line loading to depart from the pre-determined value 
when the frequency is off normal. 

The basic quantity used to govern the operation of auto- 
matic load controllers is the net power interchange of the 
system, which is combined with system frequency in most 
types of control. In the usual arrangement, net inter- 
change is obtained by totalizing individual interchange 
readings at the dispatching office and combining the result 
with frequency in an automatic load controller located at 
that point. The controller generates ‘“‘raise’”’ and “lower” 
impulses that must be transmitted to the regulating sta- 
tion. Power-line carrier is often used as a medium for 
transmitting these signals. 


14. Carrier Assemblies for Load-Frequency Control 


The channel requirements for load-frequency control are 
similar to those for telemetering two quantities, since two 
types of impulses must be transmitted. A common ar- 
rangement is the use of a single carrier transmitter modu- 
lated by two audio-frequency tones, one for “‘raise’’ im- 
pulses and one for “lower” impulses. At the receiving end 
of such a channel, a single carrier receiver operates into 
a corresponding pair of tone receivers. An alternate sys- 
tem is the use of two frequency-shift channels, one for 
‘raise’ and one for “lower” impulses. 

It is frequently desirable to arrange the system so that 
any one of several generating stations can be called on to 
act as the regulating station for the system. In this case 
the usual arrangement is for cach such station to be 
equipped with an identical carrier-receiving assembly, 
tuned to the frequency of the load-control transmitter at 
the dispatching office. Any one of the stations can then 
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be placed on automatic control by the station operator, in 
accordance with the orders of the dispatcher. 


15. Carrier Supervisory Control’ 


Supervisory control is a system of controlling and super- 
vising from a central point to operation of equipment at 
one or more remote locations. Control and supervision of 
several separate pieces of equipment are accomplished with 
relatively few conductors or channels, In the Visicode 
supervisory-control system, which is the system considered 
in the subsequent discussion, only a single pair of wires or 
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Fig. 9—Typical Visicode supervisory control desk. 


a single carrier channel is required. A typical Visicode 
control desk is shown in Fig. 9. 

In the Visicode supervisory-control system, supervision 
and control of many individual units of equipment are 
obtained by selective relay systems. These automatically 
generate and receive impulses in coded groups to perform 
the functions of selecting the apparatus to be controlled, 
performing the desired operation, and indicating that an 
operation has taken place. The latter function is per- 
formed whether the operation is initiated through the 
supervisory system or not. 


16. Channel Requirements of Supervisory-Control 
Systems 


The rate of impulsing of supervisory equipment is from 
9 to 14 impulses per second, comparable to the speed of 
impulsing of a telephone dial. This rate of impulsing is 
considerably higher than the highest rate of any standard 
Impulse telemetering system. The fastest such system in 
use has a maximum impulse rate of approximately 3.5 per 
second. In an impulse-rate telemetering system, it is nec- 
essary only that the channel preserve the rate of impulsing. 
The relative duration of the “on” and “off” periods is 
not important. 

In the supervisory-control system the duration of the 
“on” period is approximately twice that of the ‘‘off’”’ pe- 
nod. This relation must be preserved in order to allow 
Proper sequential relay operations, some of which occur 
during the “on” period and some of which occur during 
the “off” period of the impulse cycle. 
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The high impulsing speed of the supervisory system and 
the requirement that the relative duration of the ‘“‘on’’ and 
“off” periods be preserved make it undesirable to use more 
than one relaying point to retransmit mechanically super- 
visory impulses received from a distant point. 

There are two types of Visicode supervisory control, one 
in which all the equipment to be controlled is located at a 
single point, and one in which the equipment is in several 
groups at different locations. These two types are referred 
to as the single-station and multistation systems, respec- 
tively. 

A fundamental requirement of the multistation system 
is that a control or supervision function in progress be- 
tween the dispatching office and a controlled station not 
be interfered with by supervisory signals from other con- 
trolled stations. This requirement is met by assigning 
different group codes to each station and arranging each 
station so that reception of a group code not associated 
with it locks out the supervisory equipment at that station. 
Each station must be able to receive all signals transmitted 
from any other station. In this way synchronism of im- 
pulses and successful lockout are assured, because the 
impulsing of any station is governed by impulses sent 
simultaneously from other stations. 

When supervisory control is operated over a carrier 
channel provided for its exclusive use, impulsing of an 
otherwise unmodulated carrier signal normally is used. For 
this type of operation the transmitters and receivers at all 
locations operate on the same frequency, and all stations 
receive each other. Modifications of this arrangement are 
made in some cases to combine the supervisory system 
with other functions. In these cases supervisory control 
is usually operated over an audio-tone channel, a single 
tone receiver and transmitter being provided for super- 
visory in the carrier assembly at each location involved. 


17. Combined Functions on a Carrier Channel?7 


Many of the functions of power-line carrier that have 
been described can be performed simultaneously over a 
single carrier channel, and usually several carrier channels 
on the same line can make joint use of coupling and tuning 
equipment. Such efficient use of carrier equipment often 
justifies an investment in the apparatus that might not 
be justifiable for a single function alone. 

Many functions that require the transmission of intelli- 
gence in the form of impulses, such as telemetering and 
load control, can be performed simultaneously over a single 
carrier frequency by modulating the carrier with audio- 
frequency tones. Each tone frequency is in effect a sepa- 
rate carrier channel itself, using the radio-frequency carrier 
channel as its ‘conductor’. At the receiving end of such a 
channel, separate tone receivers are operated from the out- 
put of the radio-frequency receiver, each individual tone 
receiver being tuned to receive one particular audio tone 
and reject the others. 

If continuous telemetering and simultaneous emergency 
communication are desired on a relaying channel, audio 
tones below 500 cycles can be used for several simultaneous 
telemetering functions, the audio frequencies above 500 
cycles being used for speech. A filter is used to eliminate 
the tone frequencies from the speech at the sending and 


408 


Fig. 10—A carrier assembly for simultaneous voice communi- 

cation (emergency type), reception of two telemetered indi- 

cations, and phase-comparison relaying. Top to bottom, 

carrier transmitter, two tone receivers, modulator, double- 

carrier receiver, phase-comparison relay control unit, switch 

and fuse panel, and high-pass filter for removing telemetering 
tones from speech. 


receiving ends. Speech intelligibility is not perceptibly 
affected by the elimination of the speech frequencies below 
500 cycles, because practically all the intelligibility is fur- 
nished by the frequencies above this figure. The carrier 
assembly shown in Fig. 10 is intended for relaying, emer- 
gency communication, and simultaneous reception of two 
telemetering tones. 

With supervisory-control equipment, any number of 
quantities can be telemetered one at a time. Each tele- 
metering function is made a point on the supervisory 
system, and the dispatcher selects the quantity he desires 
to read. Communication can be made a point on the 
supervisory system of single-station supervisory systems, 
and such supervisory systems can operate over relaying 
carrier channels. 

Single-station supervisory-control systems on point-to- 
point carrier. channels can be used in almost any desired 
combination with relaying, telemetering, load control, or 
communication. Two-frequency carrier channels are re- 
quired for the combination of supervisory control with 
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continuous functions, such as telemetering or load con. 
trol. 

In multistation supervisory-control systems, all stations 
must receive all signals. Continuous carrier functions can- 
not be combined with multistation supervisory control on 
single-frequency carrier channels, and certain combina- 
tions of multistation supervisory control with relaying and 
communication equipment are not practical. Among these 
is the combination of supervisory control with multistation 
automatic simplex communication, and any combination 
of supervisory control with relaying that involves the use 
of carrier transmitters outside a protected line section, 
operating on the same frequency as those within the line 
section. 


18. Modulation Systems 


Three different modulation systems are available for use 
in power-line carrier applications. These are the amplitude 
modulation, the frequency modulation, and the single- 
sideband systems’!°". Of these, amplitude modulation ig 
by far the most widely used. In amplitude modulation 
(a-m) the amplitude or intensity of the transmitted wave 
is varied in accordance with the waveform of the intelli- 
gence to be transmitted. A mathematical analysis of the 
frequency components of the resulting signal shows that 
they include the carrier wave itself, unchanged in magni- 
tude, frequency, or phase, plus so-called sideband com- 
ponents, two for each frequency contained in the modulat- 
ing wave. These sideband components appear at frequen- 
cies equal to the carrier frequency plus each modulating 
frequency (upper sideband components) and carrier fre- 
quency minus each modulating frequency (lower sideband 
components). It is the beating of these sideband compo- 
nents with the carrier in the detector of an a-m receiver 
that results in the reproduction of the original intelligence 
at the receiving point. 

The bandwidth occupied by an a-m signal is twice the 
frequency of the highest-frequency modulating signal, and 
the tuned circuits of an a-m receiver must be sufficiently 
broad to accept this bandwidth without appreciable atten- 
uation at the extreme frequencies. 

Since sideband components occur in pairs, one group 
above the carrier frequency and one below, it is evident 
that each sideband group contains all of the intelligence of 
the original signal. This indicates the possibility of halving 
the bandwidth required for transmission by suppressing 
one complete set of sideband components before trans- 
mitting the signal. Furthermore, since the carrier wave 
itself carries no intelligence and requires a large portion of 
the transmitted power, it is evident that an appreciable 
saving in power can be made by partially or completely 
eliminating the carrier wave at the transmitter, emphasiz- 
ing or regenerating it at a low power level in the receiver. 

This is done in the single-sideband system, in which one 
set of sideband components is suppressed and the carrier 
is partially or completely suppressed at a low*level in the 
transmitter. If the original peak power used in the trans- 
mitter (as an a-m transmitter) is concentrated in the in- 
telligence-bearing components of a single sideband, and 
if the receiver used has only the necessary bandwidth (half 
the bandwidth required for a-m service), there is a gain ID 
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signal-to-noise ratio of nine db in favor of single-sideband 
transmission. Thus, single-sideband transmission offers 
the equivalent of increasing the original carrier power 
eight times, and requires only half the bandwidth required 
by the a-m system. 

“The frequency-modulation (f-m) system is also used in 
power-line carrier work. In this system the amplitude or 
intensity of the transmitted signal is constant and the 
frequency varies above and below a reference frequency 
in accordance with the intelligence being transmitted. 

The deviation ratio, defined as the ratio of the maximum 
departure of the frequency from the reference value to the 
maximum frequency contained in the modulating signal, 
iy 2 measure of the gain in signal-to-noise ratio of an f-m 
system over an a-m system of the same power. The f-m 
system provides marked increases in signal-to-noise ratio 
us the deviation ratio is increased. However, the minimum 
bandwidth required by frequency modulation is the same 
as that for a-m transmission of the same intelligence, and 
if w deviation ratio large enough to give a worthwhile 
increase in signal-to-noise ratio is used, the a-m bandwidth 
must be exceeded. 

The frequency-shift system is a special form of frequency 
modulation that is used for telegraphic functions such as 
telemetering. In this system two closely-spaced frequen- 
cies are used. A continuous carrier wave of constant am- 
plitude is shifted back and forth between the two frequen- 
cies, one frequency denoting a ‘‘mark” and one a “‘space”’ 
in the transmission of the impulses. By using highly stable 
crystal oscillators for the transmitted frequencies, and cor- 
respondingly stable and highly selective circuits in the 
receivers, it is possible to place the mark and space fre- 
quencies Within 0.06 per cent of each other in the carrier 
spectrum. Even with this spacing, the equivalent f-m 
deviation ratio with the slow-speed keying required by 
practical impulse-telemetering systems is extremely high, 
with the result that a properly-designed frequency-shift 
system can provide substantial gains in signal-to-noise 
ratio with a small transmitted bandwidth. 


III. PROPAGATION OF CARRIER ON 
TRANSMISSION LINES 


19. Propagation Between Two Phase Conductors 


Practically all textbooks on transmission give the clas- 
sical solution for steady-state voltage and current at any 
point along a tiwo-wire line!!5, This, solution is approxi- 
mutely valid for carrier propagation between two phase 
conductors of a transposed three-phase power line, because 
transpositions tend to nullify the effect of the presence of 
the third conductor. The solution is based on the assump- 
tion that the line is composed of an infinite number of 
resistors and inductors in series, with an infinite number 
of capacitors and resistors shunting the line at equally- 
Spaced points. This solution can be written as follows: 
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in which &, and J, are the sending end voltage and current, 

respectively. 

FE, and 7, are the receiving end voltage and cur- 
rent, respectively. 

4. is the characteristic impedance as defined in 
the next paragraph. 

a+j@ is the propagation constant, to be defined 
later. 

L is the distance from the receiving end, in the 
units of length used to define a+ 8. 


20. Characteristic Impedance 


Equations (la) and (1b) show that when a voltage is 
applied to the sending end of the line, the voltage at any 
point on the line actually consists of two voltages, one a 
voltage traveling from the sending end of the line toward 
the receiving end, the other traveling from the receiving 
end back to the sending end. The former will be designated 
as E+, the latter as H-. Each of these voltages is accom- 
panied by a corresponding current, J+ and I-, respectively. 
The ratio of either voltage to its corresponding current at 
any point in the line is a constant Z, which is independent 
of the line length but is a function of the series resistance, 
the series inductance, the shunt conductance, and the 
shunt capacitance of the line per unit of length. This 
constant is the characteristic impedance of the line and 
can be expressed as 


+ oe . 

a eae (2) 

I+ I G+joC 

where & =resistance in ohms per unit length. 
L=inductance in henrys per unit length. 
G=shunt conductance in mhos per unit length. 
C=shunt capacitance in farads per unit length. 

and w=2zf where f is the frequency in cycles per second. 


In actual practice at high frequencies, such as those used 
in carrier transmission, the quantities jwL and jwC are so 
large by comparison with RF and G that the latter can be 
neglected and the characteristic impedance expressed 
simply as 


Lo=als (3) 
or by applying conventional formulas for Z and C as 
Ze = 276 logio- (4) 


where D is the distance between conductors and d is their 
diameter in the same units. Ordinary high-voltage trans- 
mission lines show characteristic impedances of 600 to 900 
ohms between any pair of phase wires. Table 3 of Chap. 9 
gives line-to-neutral surge impedances of a number of 
typical lines. The single-phase surge impedances are twice 
the values shown in this table. 


21. Propagation Constant 


Further study of the solution for a two-wire line shows 
that the phase and magnitudes of the voltage and current 
traveling toward the receiving end change as they progress 
along the line. The forward voltage and current at any 
point can be expressed as 
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Et = Ej (ata (5a) 


(5b) 


where £,+ and J,+ are the values at some intermediate 
point on the line at a distance Al toward the receiving end. 
Likewise, the voltage and current traveling in the opposite 
direction, Z~ and J-, change as they progress along the 
line, for 
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(6a) 
(6b) 
The quantity a+ @ is the propagation constant of the line, 
which can be expressed as 
atjb=VZY =V/(R+joL)(G+joC). (7) 
The real part of a-+j8 is an exponent that expresses the 
reduction of the amplitudes of the forward and reverse 
voltages and currents as they appear at various points 
along their respective directions of travel. The imaginary 
part expresses the phase shift of the voltages and currents 
that results from the finite time required for the waves to 
travel from one point to another on the line. 


22. Standing Waves 


The forward and reverse voltages (and currents) aid and 
oppose each other at various points along the line, depend- 
ing upon their respective phase positions. The total volt- 
age and the total current therefore exhibit maxima and 
minima at equally spaced points separated by a distance 
that is a function of the frequency, giving rise to the 
phenomenon of standing waves. The magnitudes of the 
maxima and minima are a function of the amount of energy 
reflected from the receiving end of the line. 

Standing waves increase the losses in a line as compared 
with the losses obtained without reflection or standing 
waves. They also result in increased radiation of energy 
from the line and other usually undesirable effects. 


23. Attenuation 


The attenuation of a proposed channel is of prime im- 
portance in carrier application, because it determines the 
fraction of the transmitted energy available at the receiv- 
ing end to overcome noise and interfering voltages. 

Tf, as in practical open-wire lines at carrier frequencies, 
the shunt conductance G is negligible and FR is small com- 
pared to jwL, the real part of the propagation constant 
(Eq. 7) can be expressed as 


a= 57 hepers per unit of length (8a) 


Cc 


or 
4.34R 
Ze 


a= decibels per unit of length. (8b) 
The resistance FR is the resistance of the conductors per 
unit of length at the frequency in question. Calculation of 
F is difficult for the usual transmission line using stranded 
conductors, because common skin effect formulas apply 
accurately only to round conductors. Formulas for 
stranded conductors have been developed, and these give 
good results for unweathered surfaces and straight parallel 
strands, but are subject to errors depending on the condi- 
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tion of the conductor surface and the twisting of the | 
strands in an actual line. : 

Most of the literature on power-line-carrier transmission 
reports measured values of attenuation in excess of figureg 
calculated from theoretical considerations. The differences 
in these cases appear too great to be accounted for by ex. 
pected errors in the determination of skin effect. For thig ~ 
reason, it is the usual practice in power-line-carrier applicg. 
tion to use attenuation figures based on measurements on 
actual lines, rather than calculated figures. A table of 
approximate attenuation figures is given in a later section 
of this chapter. 


24. Line Input Impedance 


The reverse voltage and current expressed by the second 
terms of Eqs. (la) and (1b) result from reflection of the 
forward voltage and current at the receiving end of the line, 
Equation (1) shows that if the line is terminated at the 
receiving end in an impedance equal to ‘ts characteristic 


Ht 
. 5 r A 
impedance, Z,, so that 5 vi Z,., there is no reverse voltage or 
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current; i.e., no reflection at the receiver terminal. Under 
these conditions the input impedance Z; at the sending end 
of the line is the surge impedance Z., and the ratio of total 
voltage to total current everywhere along the line is equal 
to Z.. Also, if the line is sufficiently long, the second terms 
of Eqs. (1a) and (1b) are at the sending end negligible in 
magnitude by comparison with the first terms, even 
though the line is not terminated in Z,. In this case also 
the input impedance is Z.. This latter condition is often 
approached in practical carrier applications on isolated 
untapped lines. Carrier transmitters and receivers do not 
ordinarily provide a termination equal to the surge im- 
pedance of a line, but most carrier channels are sufficiently 
long that the input impedance of an isolated line is for 
practical purposes the characteristic impedance. 

A special case that must be considered is that of short 
tap or spur lines that bridge a line over which carrier 
energy is to be transmitted. The input impedance of such 
a line may be extremely low under certain conditions and 
may constitute practically a short circuit across the carrier 
channel. : , 

Consider, for example, the case of a low-loss line, open- 
circuited at the receiving end, one quarter wavelength long 
at a certain frequency. Voltage of this frequency applied 
to the input terminals, upon arriving at the receiving end, 
is reflected toward the source unchanged in magnitude and * 
polarity, and has travelled a total of one-half wavelength © 
by the time it reaches the source. It is exactly 180 degrees =: 
out of phase with the voltage being impressed at that * 
instant and practically neutralizes it. It is impossible, ; 
therefore, to establish an appreciable voltage across the # 
input terminals of a low-loss quarter wavelength line, be 2 
cause the reflected voltage always opposes any voltage that 9 
may be impressed. Such a line therefore appears as prac- g 
tically a short circuit at the particular frequency at whick } 
it is a quarter wavelength long. x 

The same phase relations apply for a line that is any odd :: 
multiple of a quarter wavelength long. The greater the J 
number of quarter wavelengths, however, the greater the¥ 
total attenuation of the voltage along the path from the, 
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source to the open end and hack again, so that less and less 
of the input voltage is neutralized and the line appears to 
have progressively greater input impedance at the min- 
jmum points as its length is increased. 

Qn the other hand, if an open-circuited low-loss line is 
half wave-length long, current arriving at the receiving 
end is reflected with reversed polarity. Upon returning to 
the sending end a full cycle after having entered the line, 
this reversed current directly opposes the current entering 
the line and practically neutralizes it at all instants of time. 
Thus, it is impossible to establish an appreciable current at 
the input terminals of such a line regardless of the voltage 
applied. In other words, the input impedance of a half 
wave-length open-ended line is extremely high. The input 
impedance of a line that is a multiple of a half wave in 
length depends upon the attenuation of the current wave 


along the path from sending end to receiving end and back ~ 


again. The longer the line the lower is this impedance. - 
In the case of an open-ended line of'a given length, as the 
frequency is varied over the normal carrier band from 50 to 
150 ke, the input impedance of the line oscillates between 
maxima and minima at frequencies for which the line is 
half wave and odd-quarter-wave resonant, respectively. 
At a given frequency, as the length of a practical line is 
increased, similar maxima and minima occur, but each 
succeeding maximum and minimum point is closer to the 
surge impedance of the line. This is illustrated in Fig. 11, 
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LINE LENGTH-WAVE LENGTHS 


Fig. 11—Envelope of the minimum and maximum input 
impedance Z; at 100 kc of a line with attenuation of 0.186 db 
per wavelength (0.1 db per mile). 


Which shows the envelope of the input impedance of an 
open-ended line, having an attenuation of 0.1 db per mile 
it 100 ke, as the length is increased. 

In Power systems a line actually terminated in an open 
“ircuit at carrier frequencies is rarely encountered. A much 
More common case is that of short spur or tap lines term- 
‘nated in power transformers, which at carrier frequencies 
Usually appear as a shunt capacitance of several hundred 
to several thousand ohms. The effect of a capacitance 
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Fig. 12—Input impedance Z; of a typical line with various 
capacitive reactance terminations. 


termination is to make the line equivalent to a somewhat 
longer line terminated in an open circuit. For example, 
Fig. 12 shows the input impedance of a line of 730 ohms 
characteristic impedance as a function of length for various 
capacitive reactance terminations. 


25. Propagation on Ground-Return Circuits 


The equations for the propagation of energy over a cir- 
cuit consisting of a single isolated conductor with ground 
return correspond exactly in form with Eqs. (la) and (tb) 
for a two-wire circuit. In ground-return carrier transmis- 
sion on power lines, however, the phenomena are com- 
plicated by the presence of the other conductors and the 
ground wires, because induced currents flow in these 
paths as a result of their coupling with the conductor to 
which the energy is initially applied. The equations for 
this case are much more complicated. 

Chevallier has given a symmetrical-component treat- 
ment of ground-return carrier transmission on three-phase 
lines'*. He resolves the applied line-to-ground voltage mto 
positive-, negative-, and zero-sequence components and 
uses corresponding propagation constants and charac- 
teristic impedances with each. -His results show that the 
presumably unused phase conductors actually play an im- 
portant role as return conductors in line-to-ground trans- 
mission. In practical cases, at a distance of 50 miles or so 
from the terminals on long lines without ground wires, the 
amount of carrier current that flows in the ground is 
negligible in comparison with that returning to the source 
via the two opposite conductors in parallel. 

The general equations derived by Chevallier include both 
the forward and reverse components of voltage and current 
for voltage applied in any manner to the line; 1.e., phase- 
to-phase, phase-to-ground, or otherwise. Of greatest in- 
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terest is the case of line-to-ground coupling on long or 
properly terminated lines, in which reverse voltage and 
currents can be neglected. The equations are simplified 
in this case, and with carrier voltage Zs applicd between 
phase one and ground, as shown in Fig, 13, the voltages to 


Ze 


Fig. 13—Configuration assumed in discussion of propagation 

on ground return circuits. The impedances Z, may be lumped 

impedances or may be a continuation of the transmission 
line. 


ground on phases 1, 2, and 3 at a distance x from the 
transmitting point are: 
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In which 


ko =zero-sequence propagation constant (propagation 
constant for voltage applied to all three phases in 
parallel, with ground return). 

Zo = zero-sequence characteristic impedance (character- 
istic impedance of all three phases in parallel, with 
ground return). 

k= Positive- or negative-sequence propagation con- 
stant (propagation constant for a three-phase car- 
rier frequency wave; i.e., square root of the product 
of line-to-neutral impedance and _line-to-neutral 
admittance.) 

Z= Positive- or negative-sequence characteristic im- 
pedance, line to neutral. 


Z2= Load impedance (to neutral) on phases 2 and 3 at 
coupling point. See Fig. 13. 


The first term in each of these equations is a zero-se- 
quence term. The attenuation of the zero-sequence terms 
is high on lines without ground wires, because of the high 
resistivity of the ground return path. These terms become 
negligible on long lines in comparison with the positive- 
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and negative-sequence terms at a certain distance from the ' 
coupling point, and propagation takes place almost en. | 
tirely between the coupled phase and the other two, The : 
return current divides equally between the latter. 4 

It has been noted that the attenuation per unit of dig. 4 
tance is greater on short line-to-ground channels than on 3 
long line-to-ground channels’. Equations (9) and (10) i 
provide at least a partial explanation of these results, i 

At the receiving point the current in the two uncoupled : 
phases causes a loss of energy in the terminating imped. : 
ances of these phases beyond the receiving point. Thig 4 
loss and the corresponding loss in the terminating imped- | 
ances on the opposite side of the transmitting point account ° 
for the extra attenuation noticed in long line-to-ground # 
channels as compared with phase-to-phase channels, 
according to Chevallier’s results. ; 


26. Characteristic Impedance of Ground-Return 
Circuits 


The characteristic impedance of a circuit consisting of a 
single conductor with ground return is 


(11) 


where A is the height of the conductor above ground and r 
is its radius in the same units. Typical values for phase- 
to-ground carrier channels range from 400 to 600 ohms, } 
The characteristic impedance of a transmission-line con- ; 
ductor with ground return is not greatly affected by the / 
presence of the other conductors. 


Zo = 138 logu= 


IV. NOISE VOLTAGE ON TRANSMISSION 
LINES 


Since signal-to-noise ratio is the main criterion of the 
performance of a carrier transmission system, the noise 
level present at the receiving end of a carrier channel is 
equally as important to successful operation as the attenu- 
ation of the transmission path. The most important noise » . 
in a carrier system is that which originates in the power « 
system itself; atmospheric noise is negligible, except that 
caused by nearby lightning strokes. The normal noise ina °: 
transmission system is the result of the presence of innum- 
erable small arcs in dirty or defective insulators, poor 
joints, and the like. This condition is aggravated by wet. & 
weather, and is sometimes accompanied by corona dis- 
charge during such periods, with the result that noise 
usually increases to several times its normal amount. Noise 
also varies with the time of day under good weather con- 
ditions. Superimposed upon this normal or steady noise 
is the noise caused by switch operations, faults, etc. 


27. Types of Noise's!.” 


Noise from whatever cause can be classified under two. 
general headings: random noise and impulse noise. Ran- 
dom noise has a continuous frequency spectrum, containing 
all frequencies in equal amounts. At the output of a receiver § 
it produces a steady Kissing or rushing sound. The rms 4 
amplitude of this type of noise at the output of a receiver 38 j 
proportional to the square root of the bandwidth of theg 
receiver; i.e., the noise power is proportional to the band; 
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width. The average and peak amplitudes are also pro- 
ortional to the square root of the bandwidth. 

Impulse noise is of far greater importance in carrier sys- 
tems. It is produced when discrete, well-separated pulses 
exist at the input terminals of a receiver. If the pulses are 
irregular, the frequency spectrum is continuous and de- 

ends only slightly upon frequency. If the impulses are 
uniform and regularly spaced, the spectrum contains 
discrete frequency components separated by a frequency 
corresponding to the repetition rate. Power-line noise is 
essentially a combination of these two types of impulses, 
gince basic repetition rates of 60 and 120 cycles are dis- 
cernible along with random discrete pulses, all of irregular 
amplitude. 


28. Response of a Receiver to Impulse Noise” 


When a sharp impulse is applied to the input terminals of 
a receiver, the signal at the detector input is a damped 
oscillation having the natural resonant frequency of the 
preceding tuned circuits. The envelope of this oscillation, 
which represents the output of the receiver after detection, 
rises to a peak value at a certain time and then decays to 
zero. The greater the number of tuned circuits and the 
greater their Q, the more slowly the envelope of the oscil- 
jation rises to a maximum and the lower its peak value; 
i.c., the peak output is proportional to receiver bandwidth. 
[lowever, the total area of the output signal envelope, and 
hence the average output, are independent of these factors. 
In practice, if the impulses are sharp and well separated, 
the rms output is independent of the shape of the impulses 
and is dependent only upon their areas, the gain of the 
receiver, and the square root of the receiver bandwidth. 
If the impulses are not well separated, so that in a receiver 
of a given bandwidth the resulting wave trains overlap, the 
response of the receiver simulates that for a combination of 
random noise and impulse noise. In some applications the 


_ peak output is of major importance, whereas in others the 


average or the rms output is the critical factor. 

Thus, in specifying the characteristics of noise on trans- 
mission lines, it is necessary to state not only the relative 
amounts of random and impulse noise in a given band- 
width, but also the peak values of the impulses (or their 
statistical distribution) and the duration and spacing of 
the individual impulses. In order to evaluate the effect of 
this noise upon a given receiving system, it is necessary to 
know the receiver bandwidth and gain and the particular 
application involved. The number of tuned circuits and 
their Q determine the receiver bandwidth at a given 
frequency. 


29. Measurement of Carrier-Frequency Noise on 
Power Lines 


The accurate measurement of all the characteristics of 
carrier-frequency noise on transmission lines requires a 
considerable amount of equipment, including a noise meter 
of definite bandwidth, capable of measuring peak impulse 
amplitudes, and an oscilloscope to indicate the spacing and 
the duration of the impulses. In order to be significant, 
readings should be taken over a period of time sufficient 
to include both fair and rainy weather. As a result, actual 
test data of this type on carrier-frequency noise is ex- 
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tremely limited, and no typical figures for “quiet’’ or 
“noisy” lines have been established. 

Figure 14 shows the results of one set of measurements 
made during fair weather on a 132-kv line that can be 
classified only as “relatively noisy’ for carrier. These 
measurements were made with a Stoddart Type URM-6 
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Fig. 14—Noise voltages as a function of frequency on a rela- 
tively noisy 132-kv line. The rise in the vicinity of 115 ke is 

probably accounted for by the presence of the line trap. 


noise meter. The curves show that the peak values of noise 
on this line are far in excess of the average values, indicat- 
ing that average-reading instruments do not give a true 
indication of the probable interfering effects of noise for all 
applications. A graphic record of quasi-peak values* over 
an extended time, including periods of rainy weather, gave 
the curves of Fig. 15, which indicate a relatively great 
increase in the noise under some conditions, with maxi- 
mum quasi-peak values exceeding 100,000 microvolts for 
approximately 3 percent of the time. 


*Quasi-peak readings are based on a fast detector output circuit 
charging time and a slow discharging time, and hence are a function 
of the peak amplitudes as well as the spacing of the impulses. The 
times are chosen so that the quasi-peak readings are approximately 
proportional to the interfering properties of impulse noise in. aural 
reception of a-m signals. 
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Fig. 15—Quasi-peak noise voltages at 160 kc taken over two 


extended periods on the same 132-kv line. Both periods 
included rainy as well as fair weather. 
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Fig. 16—Oscilloscope patterns of carrier noise at 85 kc with Fig. 17—Typical carrier coupling capacitor. This unit is rated i 


1/30 second and 5 second exposures. 
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Cathode-ray oscilloscope patterns of the output of the ae 


detector of the noise meter used are shown in Fig, 16. 
These indicate irregularity in the pulses, even with 1/30. 
second exposures. The five-second exposure shows that 
although the basic system frequency is present in the am. 
plitudes, the pulses occur almost at random throughout 


the cycle. It must be remembered that these pulses haye ~~ 


undergone a smoothing and rounding effect as a result of 


the action of the tuned circuits in the noise meter and that 
the actual pulses at the input of the meter were sharper ” 


and of shorter duration than those shown in the photo. » 


graphs. 


V. COUPLING AND TUNING EQUIPMENT 
AND CIRCUITS 


In the early days of power-line carrier it was universal 
practice to couple the carrier equipment to the power line 
by a method known as antenna coupling. In this method 
the carrier equipment was connected to an isolated con- 
ductor, several spans long, on the same tower with the 
circuit to which coupling was to be effected. Eventually 
it was realized that the energy which found its way into 
the power line was transferred mainly through the capa- 
citance between the antenna and the line, and this led to 
the development of compact capacitor units for coupling 
purposes. Such coupling capacitors are safer, easier to in- 
stall, and are a more efficient coupling means than anten- 
nas. They also have the advantage that they can be used 
simultaneously in conjunction with potential devices to 
supply a voltage proportional to line voltage for the opera- 
tion of protective relays and indicating instruments. 


at 115 kv and has a total capacitance of .00187 mfd. 
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30, Characteristics of Coupling Capacitors 
A typical carrier coupling capacitor is shown in Fig. 17. 
The capacitor element proper is contained in a cylindrical 

orcelain housing with cast metal ends. The capacitor 
elements consist of a large number of individual working 
eections in series. Each working section is made up of an 
assembly of special paper and foil, non-inductively wound 
and impregnated. 

Individual capacitor units are made up in several dif- 
ferent voltage ratings, and one or more such individual 
capacitor units can be used in a stack to make up the 
complete coupling capacitance. The stack is mounted on 
a metal base that contains a grounding switch, a protective 
ap, and a carrier drain coil. These are connected as shown 
in Fig. 18. The purpose of the drain coil is to ground the 


oie © 


p--- 


. Fig. 18—Schematic of carrier coupling capacitor without 
potential device. 
(1) Coupling Capacitor 
(2) Multi-Unit Coupling Capacitor 
(3) Base Housing 
(9) Carrier Apparatus Grounding Switch 
(10) Carrier Apparatus Protective Gap 
(11) Carrier Drain Coil 


capacitor terminal opposite the line terminal at 60 cycles 
und at the same time offer a high impedance at the carrier 
lrequency. The grounding switch is used to by-pass the 
drain coil, providing a means of directly grounding the 
‘apacitor during inspection and maintenance of the coup- 
ling and tuning equipment. The gap protects the drain 
coil from excessive surge voltages during normal operation. 

he capacitances of typical coupling capacitors of vari- 
ous standard voltage ratings are shown in Table 1, along 
with typical impulse and low-frequency test voltages. A 
typical power factor for coupling capacitors at carrier 
requencies is 3 percent. 

A diagram of a coupling capacitor with a potential 
device included in the base housing is given in Fig. 19. 
The potential device is essentially a transformer connected 
cross a portion of the capacitance of the lower or base 
unt, deriving therefrom a voltage proportional to line 
Voltage in accordance with the potential dividing proper- 
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TABLE 1— CHARACTERISTICS OF TYPICAL COUPLING CAPACITORS 


Kees RosGck Chas Low Frequency | Impulse 
; Coe taka Test RMS kv | Test Crest 
System | Coupling | acitance of Tap |__— ky: 
Voltnge Capacit- for tack Dies ice Aisin eS week 
kv ance Potential Device : ‘ 7 : 
mfd mfd Minute|Seconds| 1.5 40u5 
: ; Dry Wet | Full Wave 
+46 .004 .0205 110 100 250 
69 00275 .0225 165 145 350 
92 .002 .0205 215 190 450 
115 .00187 .0225 265 230 550 
138 .00137 .0225 320 275 650 
161 00125 0225 370 315 750 
230 .Q0094 .0225 525 445 1050 
287 .00075 0225 655 5593 1300 


ne aU EEE ENE EITE SEE EER REE GREER EEEERSEEREeneEetnee” 


Note: Jf in-phase potential device is used, total capacitance for carrier is tap 
capacitance in series with coupling capacitance. If in-phase potential device is not 
used, tap capacitance is short-circuited. 


ties of the capacitor string. A variable-reactance trans- 
former is provided for adjusting the phase angle of the 
derived voltage, and a voltage-adjusting transformer is 
provided for adjusting its magnitude. The potential device 
is connected to the capacitor through a carrier-frequency 
choke coil that isolates the device from the capacitor at 
carrier frequencies. 


Fig. 19—Schematic of carrier coupling capacitor with poten- 
tial device. A larger base than the one shown in Fig. 17 is 
used when the potential device is included. 


(1) Coupling Capacitor 

(2) Multi Unit Coupling Capacitor 

(3) Base Housing 

(4) Transformer Grounding Switch 

(5) Transformer Protective Gap 

(6) Variable Reactance Transformer 

(7) Voltage Adjusting Transformer 

(8) Power Factor Correction Capacitor 

(9) Carrier Apparatus Grounding Switch 
(10) Carrier Apparatus Protective Gap 
(11) Carrier Drain Coil 
(12) Carrier Choke Coil 
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Fig. 20—Typical 400-ampere carrier line trap. (Type P-400). 


31. Characteristics of Line Traps" 


A line trap is a parallel resonant circuit tuned to offer a 
high impedance at a specific carrier frequency and inserted 
in series with one of the conductors of a transmission line. 
Line traps have negligible impedance at power frequencies 
and therefore do not affect normal power current. 

A previous discussion in this chapter pointed out the 
deleterious effect that short spur or tap lines may have 
when bridged across a carrier channel. Such lines ean be 
isolated from the carrier system by the insertion of line 
traps in series with one or more conductors of the spur line 
at its Junction with the main line. Loops that offer alter- 
nate paths to the carrier current can be broken up by use 
of line traps. A line trap is always used at each end of a 
line section to which carrier relaying is applied. Their 
major purpose in this application is to prevent a nearby 
fault on an adjacent line section from short-circuiting the 
carrier channel and interrupting the transmission of a 
blocking signal to the opposite end of the line. In general, 
line traps provide a means of raising signal levels by con- 
fining the major portion of the carrier energy to its in- 
tended path and by isolating sources of high attenuation 
from the carrier circuit. 

A typical carrier line trap is shown in Fig. 20. This unit 
is rated at 400 amperes at 60 cycles. The main coil is a 
heavy copper cable, capable of carrying the full power 
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Fig. 21—Schematic of double-frequency line trap. 
(Type PDF-400). 
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RESONANT IMPEDANCE , OHMS 


70 


90 0 
FREQUENCY, KC 


Fig. 22—Resonant impedance of typical 400- and 800-ampere 
line traps. The difference in impedance is due to the different 
inductances used in the two ratings. 


150 


current of the conductor into which it is inserted. This 
coil is wound on a porcelain cylinder, which also serves as 
a housing for the adjustable capacitor unit used to tune 
the coil to resonance at the desired frequency. A lightning 
arrester is provided across the trap to protect the capacitor 
unit from damage due to surges. 

Manufacturers have standardized on 400 and 800 am- 
pere ratings for line traps, and single- and double-frequency 
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Fig. 23—Resonance curves of typical single- and double- 
frequency line traps. 
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models are available in both ratings. A schematic diagram 
for a double-frequency trap is shown in Fig. 21. The ex- 
ternal appearance of a double-frequency trap is the same 
gs that of a single-frequency trap of the same rating, be- 

cause the extra circuits used to obtain the double-resonance 
he aracteristic are contained inside the main coil, which is 
the same in both cases. 

The resonant impedances of typical 400- and 800-ampere 
line traps over the 50-150-ke band are given in Fig. 22. 
The difference in the two curves results from the difference 
in the inductances of the coils used in the two ratings. 
Figure 23 gives resonance curves for typical 400- and 800- 
ampere single-and double-frequency traps. 

When a line trap is used to isolate a low-impedance 
circuit, the losses are not reduced to zero but to a value 
that is a function of the characteristic impedance of the 
earrier channel and the impedance of the trap in the vi- 
cinity of resonance. Figures 24 and 25 are curves of the 
losses in typical single- and double-frequency traps re- 
spectively when a line- to-ground channel of 500 ohms 
characteristic impedance is grounded through them. 
Losses in practical applications are somewhat less, de- 
pending upon the actual impedance of the offending cir- 
cuit or device, and the losses shown by these curves should 
be taken as limiting values. 

A single line trap at the end of a line-to-ground coupled 
channel does not materially reduce interference to channels 
on the same or nearby frequencies on lines beyond the trap, 
hecause it does not interrupt the current in the two un- 
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Fig. 24—Losses in typical 400- and 800-ampere single-fre- 

any line traps when a line-to-ground carrier channel of 

00 ohms characteristic impedance is short-circuited through 
them. 
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Fig. 25—Losses in typical 400- and 800-ampere double-fre- 

quency line traps when a line-to-ground carrier channel of 

500 ohms characteristic impedance is short-circuited through 
them. 


coupled phases. Two line traps, one in each phase conductor 
of an interphase coupled channel, are more effective in this 
regard. Even in this case, however, there is usually suffi- 
cient unbalance in the system at carrier frequencies to cause 
appreciable current in the unused conductor, with resulting 
interference to channels beyond the trap location. The 
installation of a line trap in each of the three phases of a 
line is the only effective way of isolating a channel for the 
purpose of reducing interference, regardless of the method 
of coupling used. For this method to be successful, there 
must be no important sources of coupling between circuits 
on opposite sides of the line traps. This means that these 
lines must extend in opposite directions from the trap loca- 
tion and must not be paralleled by untrapped lines. The 
degree of interference reduction obtained then is a function 
of the resonant trap impedance, the characteristic imped- 
ance of the lines in question, and the amount of coupling 
that remains between the ends of the circuits on opposite 
sides of the line traps. 


32. Tuning Devices 


The load resistances presented by power-transmission 
lines at carrier frequencies range from 400 to 900 ohms, 
and the reactances of coupling capacitors, which are effec- 
tively in series with this load, are appreciable and must be 
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Fig. 26—Circuit diagram of single-frequency phase-to-ground 


line tuner. Switch S2, Gap SG3, and Drain Coil are omitted if 
included in coupling capacitor assembly. 


compensated for if maximum coupling efficiency and a 
resistive load condition for the carrier transmitter are to 
be obtained. This compensation can be provided by plac- 
ing in series with the capacitor an inductance that can be 
adjusted so that its reactance cancels the reactance of the 
coupling capacitance at the carrier frequency. The pri- 
mary purpose of a line tuning unit is to furnish an adjust- 
able inductance for this purpose. This inductance usually 
takes the form of a tapped main coil, which furnishes large 
‘steps in inductance, in series with a variometer that pro- 


Fig. 27—Typical single-frequency phase-to-ground tuner. 
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Fig. 28—Schematic diagram of an interphase single-fre. 
quency line tuner, 


Fig. 29—A typical interphase line tuner. 


vides a continuous range between tap values. Line tuners 
also include an impedance-matching transformer for trans- 
forming the characteristic impedance of the line to a 
value that properly terminates the coaxial cable commonly 
used between the carrier assembly and the line. 

A schematic diagram of a typical single-frequency tuner, 
used to couple the carrier energy to a single phase con- 
ductor, is shown in Fig. 26. Figure 27 is a typical tuner 
of this type. Ground is used as the return circuit with this 
tuner. A protective gap is provided to prevent over- 
voltages from damaging the tuning inductances. The 
grounding switch is used to ground the lead from the 
coupling capacitor during inspection or adjustment of 
the tuner. 

A phase-to-phase tuning unit is shown in Figures 28 and 
29. In this unit two identical inductance coils and variom- 
eters are provided, one set for each capacitor. The 
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;mpedance-matching transformer is balanced to ground by 
means of a center tap on the line side. 


33. Multi-Frequency Tuning 


It is often necessary to provide for the coupling of more 
than one carrier frequency to a line at a given location. In 
such cases a worthwhile economy can be effected by the 
yse of a multi-frequency tuning system, which permits a 
single coupling capacitor to be tuned to two separate 
carrier frequencies. 

A schematic diagram of a two-frequency tuner for line- 
to-ground coupling is given in Fig. 80. The equipment 
consists essentially of two single-frequency tuners, in series 
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Fig. 30—Two-frequency line-to-ground tuning system with 
separate coaxial leads for each frequency. 


with each of which a parallel-resonant trap circuit has been 
added. Each trap circuit is tuned to the carrier frequency 
Which is to be passed through the tuning inductance in 
the opposite branch. Thus, if a frequency F; is to be 
passed through inductance Zi, the trap circuit in series 
with the opposite branch is tuned to F, to prevent the 
carrier energy from being lost in that branch. Likewise, 
the trap circuit in series with the first branch is tuned 
to the opposite frequency F2 to prevent loss of energy 
from source two. A photograph of a typical two-frequency 
tuner utilizing the system just described is shown in 
Vig. 31, 

The trap circuits have appreciable reactance at fre- 
quencies off resonance, and for this reason the main series 
inductances cannot be finally tuned until the trap circuits 
have been individually adjusted to the proper frequencies. 
At frequencies below resonance, a trap circuit has induc- 
tive reactance that increases as the resonant frequency is 
approached. The branch that is to be tuned to the lower 
frequency, therefore, requires less. inductance for overall 
Serles resonance than a single-frequency tuner used with 
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Fig. 31—A typical two-frequency line-to-ground tuning 
assembly of the type shown in Fig. 30. 


the same coupling capacitor. Correspondingly, the branch 
that is to be tuned to the higher frequency requires more 
inductance than normal because the reactance of the asso- 
ciated trap circuit is capacitive. If the two frequencies are 
too close together, the additional reactances presented by 
the wave traps are so high that the overall series circuits 
cannot be tuned to resonance at the desired frequencies 
with ordinary tuning inductances. The separation required 
between the two frequencies depends upon the capacitance 
of the coupling capacitor and the inductance range avail- 
able in the tuning inductances, but in general, the higher 
frequency must be at least 25 percent greater than the 
lower for satisfactory tuning with tuning inductances of 
the usual range. When the frequencies are too close to 
permit tuning as above, it is sometimes possible to obtain 
series resonance at the lower frequency by adding a fixed 
capacitor in series with the trap circuit to neutralize some 
of the excess inductive reactance obtained. This is the 
purpose of the fixed capacitors Ci and C2 shown in Fig. 30. 
It must be kept in mind that losses in the trap circuits 
increase rapidly as the frequency separation is reduced, 
however, so that every effort should be made to locate the 
channels in the spectrum with sufficient separation to avoid 
this expedient. 

This system of multi-frequency tuning can be extended 
theoretically to handle as many separate frequencies as 
desired. For example, Fig. 32 illustrates a three-frequency 
system. In this case the trap circuits in each series leg are 
tuned to the frequencies of the opposite two legs. From a 
practical standpoint, however, it is generally inadvisable 
and uneconomical] to attempt to tune a single capacitor to 
more than two frequencies. The complexity of the tuner 
and the difficulty involved in tuning it successfully to three 
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Fig. 32—Three-frequency tuning of a single coupling capac- 
itor, 


different frequencies nearly always outweighs any saving 
effected in equipment. 

Another tuning circuit, which is series resonant to two 
frequencies and requires only a single co-axial lead, is 
shown in Fig. 33. The procedure for adjusting this circuit 
is to short-circuit the £:C, combination and adjust ZL to 
series resonance with C at the higher of the two frequencies. 
With the short circuit removed, and with Lz disconnected, 
LL, and C; are then tuned to series resonance at the same 
frequency. L, and C; then effectively short circuit ZL, at 
the upper frequency, and its inductance, regardless of its 
value, has no effect at this frequency. At any lower fre- 
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Fig. 33—A two-frequency tuning system requiring only a 
single coaxial lead. 
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quency, the L,C; circuit shows a net capacitive reactance ; 
This reactance is tuned in combination with Lz to paralle| * 
resonance at a frequency intermediate between the Upper 
and lower frequencies desired. Below this parallel resonant ‘ 
frequency, therefore, the 1,C,L: combination appears jp. ‘ 
ductive, the magnitude of the inductive reactance depend. © 
ing upon the intermediate frequency chosen. By Varying © 
this frequency by adjusting ZL», the net inductive reactance 
of the L,C,L,. combination in series with the main tuning - 
inductance L can be made to tune the entire circuit to _ 
series resonance at the lower frequency. 

If the double-frequency tuning scheme described abovg 
is used for coupling two transmitters to a line at a single 
location, trap circuits must be used at the transmitter out. 
put circuits to avoid the loading of one transmitter by the 
output circuit of the other when both work into a single 
coaxial cable. 


34. Omission of Outdoor Tuning Equipment 


On many carrier channels the terminal equipment ig 
capable of operating through much greater attenuation 
than that introduced by the line itself. In such cases some 
economy in installation can be effected and greater con- 
venience in making tuning adjustments can be provided 
by eliminating the usual outdoor tuning equipment and 
supplying equivalent units in the carrier assembly. In 
such cases the coaxial cable is usually connected directly 
to the coupling capacitor at the line terminal, as shown in 
Fig. 34. Some reduction in the resultant losses in the 
cable, due to the impedance mismatch at the junction of 
the cable and the capacitor, can generally be effected by 
using an impedance matching transformer at the coupling 
capacitor, as shown in Fig. 35. Such a transformer can 
make the terminating impedance equal in magnitude to the 
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Fig. 34—Omission of outdoor tuner and matching trans ~ 
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Fig. 35—Omission of outdoor tuner, matching transformer 
used to match absolute value of line and coupling capacitor § 
impedance to coaxial cable impedance. : 
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surge impedance of the cable, but it cannot compensate for 
the capacitive component of the combined line and 
coupling capacitor impedance. 

The loss in a given length of coaxial cable in such instal- 
jations is dependent upon the frequency involved, the 
reactance of the coupling capacitor, and the surge imped- 
ance of the line, as well as upon the characteristics of the 
couxial cable itself. The curves of Fig. 36 show the meas- 
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Fig. 3o—Measured attenuation at 100 kc of various lengths of 

coaxial cable operating directly into 900-ohm resistive load 

through coupling capacitances shown. No impedance match- 
ing transformer used (Fig. 34). 


ured db loss at 100 ke with various lengths of a typical 
coaxial cable, operating into a 900 ohm line through 
coupling capacitors of several different ratings. These 
curves apply for the case where no matching transformer is 
used at the coupling capacitor. For the case where a 
matching transformer is used, F. M. Rives! has published 
similar data, giving the maximum length of coaxial cable 
permissible for given db losses at several different fre- 


TABLE 2 
Recommended Maximum Cable Lengths in 
Feet from Coupling Capacitor 
Ae Nd, to Terminal Equipment 
Pete: Matching Transformer Used Without 
eee Tuning Equipment 
nid. 
For j-db Attenuation For 2-db Attenuation 
50 ke | 85 ke | 150 ke] 50 ke | 85ke | 150 ke 
_-__ —_—_—_—_—e|——e— —  n OOn  ——— 
00075 150 180 200 300 350 410 
-001 200 230 250 390 430 600 
0012 240 270 300 430 500 750 
0015 260 300 340 500 600 800 
.002 360 390 460 680 800 1000 
-003 450 450 475 900 1000 1000 
— 06 800 | 800 | 800 1000 1000 | 1000 


‘Wencies with various coupling capacitances. Table 2 is 
taken from Rives’ paper. 

The reactive and resistive components of the input im- 
Pedance at the transmitter end of the coaxial cable vary 


radically with the frequency, the length of the cable, and 
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the terminating impedance in either of these systems. A 
conventional line tuner is not, in all cases, adequate to 
compensate for the reactances that may be encountered, 
nor are the impedance-matching transformers usually in- 
cluded in such tuners always capable of transforming the 
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Fig. 37—Input resistance and capacitance (R—jX,) at 100 kc 

of various lengths of coaxial cable operating directly into 

900-ohm resistive load through coupling capacitances shown. 
No impedance matching transformer used (Fig. 34). 


resistive component to the proper load resistance for the 
transmitter. Both the resistive and reactive components 
become very low as the length of the cable is increased up 
toa quarter wave. The input capacitance and resistance at 
100 ke of a coaxial cable terminated in various capacitances 
and a 900-ohm line are shown in Fig. 37. 


35. Carrier Coaxial Cable 


It was common practice in the past to locate the carrier 
transmitter and receiver relatively close to the coupling 
capacitor and tuner, and to connect the assembly directly 
to the tuning inductance without impedance transforma- 
tion at the tuner, as shown in Fig. 38. In such installations 
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Fig. 38—Use of insulated aerial lead between carrier trans- 
mitter and outdoor tuner. 


the lead between the carrier assembly and the tuner oper- 
ates at line impedance level, and unless this lead is sup- 
ported aerially and is well insulated, losses resulting from 
shunt conductance to ground becomes excessive in lengths 
over 100 feet or so. 

Modern developments in solid-dielectric cables have re- 
sulted in practically complete abandonment of the practice 
of making the connection between the set and the tuner 
through a high-impedance lead. The losses in such cables, 
when they are properly terminated, is only about 0.5 db 


422 


per 1000 feet at carrier frequencies, and they can be run 
through conduit or buried directly in the ground without 
effect upon their performance. 

The specification for a typical coaxial cable used in 
power-line carrier work is as follows: 


The center conductor consists of a single-conductor 0.102-inch 
diameter (No. 10) soft-drawn, tinned copper wire. This con- 
ductor is covered with a continuous coating of 60 percent low- 
capacity rubber insulation making the outside diameter approx- 
imately 0.450 inch. Over this is a copper braid, equivalent in 
cross-section to the center conductor, made up of No. 30 tinned 
copper wire. Over this is a lead sheath ¥/s4 inch thick with 34 
percent antimcny. The outside diameter does not exceed 0.6 
inch. The high-frequency loss does not exceed 0.32 decibel at 
50 kilocycles, nor 0.60 decibel at 150 kilocycles. The surge im- 
pedance is approximately 60 ohms. 


The measured characteristics of coaxial cable manufac- 
tured to these specifications were found to be as follows: 


Surge impedance.......... 61.1 /—0°29’ ohms 
Propagation constant..... .0.568 

Attenuation at 150 ke..... 0.429 db/1000 feet 
Resistance. .............. 3.91 ohms/1000 feet 
Inductance............... 110.1 mh/1000 feet 
Shunt conductance........ 519 micromhos/ 1000 feet 
Shunt capacitance. .......0.0295 mfd/1000 feet 


Similar coaxial cables with synthetic rubber or plastic 
jackets, instead of lead, are also widely used. The elec- 
trical characteristics are about the same. 


36. Methods of Coupling 


There are a number of different ways of utilizing one or 
more conductors of a three-phase power line as conductors 
for carrier-frequency currents. Some of these are illustrated 
in Fig. 39. The simplest of these, and by far the most pop- 
ular, is to use a single conductor of the power line as one 
leg of the carrier circuit, with ground as the return path 
(Fig. 39a). This system, commonly called ‘‘line-to- 
ground,” “phase-to-ground,” or ‘‘single-phase ground- 
return” coupling, requires less coupling equipment (cou- 
pling capacitors and tuners) than any of the other methods 
shown, and it is universally used for short-haul, point-to- 
point channels, such as for relaying. On lines not provided 
with ground wires, the attenuation of a circuit using this 
method of coupling is higher than an equivalent length of 
circuit using line-to-line coupling, particularly if ground 
characteristics are unfavorable. Line noise is also some- 
what greater. However, modern practice favors line-to- 
ground coupling for all except the longest and most im- 
portant carrier channels. 

The coupling system shown in Fig. 39b is variously 
termed “‘line-to-line,” “phase-to-phase,”’ or “‘interphase’’ 
coupling. This system was at one time used almost ex- 
clusively in preference to line-to-ground coupling for com- 
munication channels and most telemetering channels of 
any length, but in recent years has given way to some 
extent to line-to-ground coupling. At first glance this 
system appears to have the advantage that one of the con- 
ductors can be grounded at any point without interrupting 
the continuity of the carrier channel. However, in the 
line-to-ground system there is often sufficient electrostatic 
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Fig. 39—Methods of line coupling. 


and electromagnetic coupling between an open or grounded 
conductor and the two unaffected conductors to transfer 
enough energy around such a discontinuity to maintain a 
usable communication signal, provided the conductor is 
not opened or grounded closer than several hundred feet 
from the carrier terminal, and also provided that the 
channel normally operates with sufficient margin to take 
care of the increased signal-to-noise ratio. The secondary 
of the impedance-matching transformer used in the inter- © 
phase system is usually center-tapped and grounded, and 
if one of the conductors is grounded close to the terminal, 
the output transformer may be partially short-circuited, 
resulting in a reduction of signal strength. 


37. Inter-Circuit Coupling 


If a double-circuit transmission line exists between car- 
rier terminals, consideration can be given to several meth- 
ods of coupling that increase carrier-circuit reliability % 
under abnormal system conditions. One of these is inter- 4 
circuit coupling, shown in Fig. 39c. With this type of 4 
coupling either circuit can be taken out of service and al! 4 
three phases can be grounded at any point without inter-% 
rupting the continuity of the carrier circuit. In inter # 
circuit coupling, connection is made to one phase of one : 
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circuit and to a different phase of the other. When both 
jines are in service and are bussed at both ends, this type 
of coupling is equivalent to interphase coupling. Inter- 
circuit coupling can be used only on a double-circuit line 
that cannot be sectionalized between carrier terminals. 


38, Double-Circuit Ground-Return Coupling 


In double-circuit ground-return coupling, Fig. 39d, the 
carrier signal is coupled to the same phase of the two cir- 
cuits, and these operate in parallel under normal condi- 
tions with ground return. With this type of coupling either 
line can be taken out of service or sectionalized between 
terminals without interrupting the carrier channel. In 
fact, some installations use this type of coupling in which a 
portion of the intervening path between the terminals is a 
single-circuit line. It is generally possible with this type 
of coupling to ground one of the two circuits for main- 
tenance without interrupting carrier service, provided the 
ground is not applied directly at the coupling capacitor 
location. Even in the latter case, if there is sufficient mar- 
gin between the capability of the carrier sets and the 
normal attenuation of the circuit, it is often possible to 
keep the carrier channel in service. 


39. Bus Coupling 


Where it is desired to couple the carrier signal to several 
transmission lines simultaneously at a given location, bus 
coupling, Fig. 39e, is sometimes used. This system of 
coupling can be used either phase-to-ground or phase-to- 
phase. It is subject to several disadvantages, among them 
the fact that the opening of any circuit breaker on a given 
line between the two terminals, even at the terminals 
themselves, interrupts the carrier channel over that line. 
Also, if there are more than a few circuits connected to the 
bus, it may be impossible to locate a carrier frequency that 
can provide satisfactory operation under all system 
switching conditions, and the number of line traps re- 
quired to isolate offending lines may eliminate the apparent 
economic advantage of bus coupling. 


40. By-Passing of Carrier Signals 


Carrier by-pass assemblies are used to provide a path for 
currier energy around transformers, switches, circuit 
breakers, or other discontinuities that may exist in a car- 
rier channel. By-pass assemblies consist essentially of one 
or more coupling capacitors and associated line tuning 
nits. The capacitors are tuned to series resonance at the 
frequency or frequencies to be passed around the discon- 
finuity. The following discussion specifically shows by- 
Passing arrangements used with channels coupled line-to- 
fround, but it shousd be understood that similar arrange- 
ments utilizing twice the number of capacitors and tuning 
inductances can be applied on interphase channels. 


41. Short By-Passes 


The simplest type of by-pass assembly is that shown in 
'g. 40, consisting of a single coupling capacitor and a 
Single line tuner, both suspended in the line. This simple 
System is suitable only for by-passing transformers, regula- 
tors, and other such equipment that normally provides volt- 
age on both sides of the by-pass assembly when either side 
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Fig. 40—Suspended by-pass arrangement. 


is energized. It should never be used to by-pass disconnect 
switches or circuit breakers, or to pass signals from a line of 
one voltage to a line of another voltage, except at trans- 
formation points, because the ungrounded coupling ‘capac- 
itor can supply dangerous amounts of charging current 
from the energized side of an open switch or breaker to the 
apparently de-energized line. 

The simplest by-pass assembly suitable for general 
application as a short by-pass is that shown in Fig. 41. 
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Fig. 41—Conventional short single-frequency by pass. 
tuning inductance can be omitted in some cases. 


One 


Two coupling capacitors and a single tuning assembly, 
consisting of two tuning inductances, are used. The con- 
nections between the inductances and the capacitors are 
made with insulated aerial leads. No coaxial cable is em- 
ployed. Since the leads between the capacitors and the 
tuning inductances operate at a high r-f potential, they 
must be extremely well insulated to prevent excessive 
losses due to shunt conductance. This system is not 
recommended for installations where the coupling capac- 
itors are separated by more than 100 feet. The tuning 
inductances should be located as nearly midway between 
the coupling capacitors as possible. 

For higher frequencies, or with lower-voltage lines where 
coupling capacitors of relatively higher capacitance are 
used, a single tuning inductance is often sufficient to tune 
both capacitors to resonance. 


42. Long By-Passes 


The most efficient of the commonly used by-pass arrange- 
ments is that shown in Fig. 42, in which a tuning induc- 
tance and impedance-matching transformer are located at 
each coupling capacitor, and coaxial cable is used as the 
link between them. With this arrangement the distance 
between the coupling capacitors can be as much as several 
thousand feet, depending upon the losses in the coaxial 
cable at the frequency involved. 
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Fig. 42—Conventional long by-pass. 


This type of by-pass actually amounts to two ordinary 
line tuning arrangements connected to operate into each 
other. If a carrier assembly is to be coupled into the line at 
the by-pass point, as might be desired on a multi-station 
communication system, the coaxial cable from each tuner 
is brought into the carrier assembly and connected to the 
low-impedance transmitter output tap usually provided 
for operation into two such cables in parallel. This arrange- 
ment is shown in Fig. 43. 

This by-pass arrangement may be extended into a three- 
way system, as shown in Fig. 44, to pass signals from one 
line into two others. There is an inherent impedance mis- 
match in such a system at the junction of the three cables, 
as a result of the fact that each cable is terminated in one 
half its surge impedance. In addition to the 3-db loss in 
each direction due to the division of power between the 
two paths, there is a loss of about 0.5 db due to the 
mismatch at the junction. 


43. Multi-Frequency By-Passes 


All the multi-frequency tuning schemes shown in Figs. 30 
to 33 can be applied in by-pass assemblies, so that more 
than one frequency can be passed. The arrangement shown 
in Fig. 30 is the easiest to tune and is the one most com- 
monly used in such cases. 


Fig. 43—By-pass with carrier terminal. 
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Fig. 44—Three-way by-pass. 


Consideration has been given to the use of band-pass 
by-pass circuits, such as that shown in Fig. 45. In this case 
the coupling capacitors form a portion of the series arms of 
a simple ““T”’ section band-pass filter. Many other such 
arrangements are possible. 
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Fig. 45—-Band-pass by-pass system. 


VI. METHODS OF ESTIMATING CARRIER- 
CIRCUIT ATTENUATION 


44, The Decibel 


The decibel is a convenient unit for expressing the ratio 
between the power levels at two points in a communication 
system. This is because the actual ratios are often so large 
that their use is inconvenient on this account alone, and 
also because it is necessary to multiply the input and out- 
put power ratios for each individual component of the 
system to obtain the overall ratio. Losses and gains in 
decibels for individual components of a system can be 
added directly to give an overall loss or gain for the 
system. 

The decibel is defined as 10 times the common loga- 
rithm of the power ratio, the ratio always being expresse 
as the quotient of the larger power by the smaller power; 
ie., 


db=10 loz 10 5 if Pi>Ps (12a) 
or ‘i 
P, . . 
db = 10 logo a if P2>Py. (12b) 
1 
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The ratio of two voltages or of two currents can be ex- 
pressed in decibels as follows, provided that the impedances 
of the circuits in which these voltages or currents exist are 
the same: 


E 
db=20 log (13) 


db = 20 logwz. (14) 

Convenient decibel figures to remember are that a 2 to 1 
power ratio is 3 db, 3 to 1 is 4.8 db, and 10 to 1 is 10 db. 
From these figures the number of decibels corresponding to 
4-to-1, 5-to-1, 6-to-1, 8-to-1, and 9-to-1 ratios and any 
decimal multiples of these ratios can be estimated quickly 
by simple mental addition. 


45. Decibel Rating of Carrier Assemblies 


It is common practice to rate carrier transmitter-receiver 
assemblies in terms of the maximum number of decibels of 
attenuation through which two similar assemblies can 
operate satisfactorily. Actually these ratings are based on 
the assumption of noise levels at the receiving location 
that can reasonably be expected on a normal power sys- 
tem, and the decibel rating has been assigned on the basis 
of providing a satisfactory but undefined signal-to-noise 
ratio. This practice in rating carrier equipment unduly 
penalizes it when applications on relatively quiet systems 
are contemplated, because most equipment is capable on 
quiet lines of operating through much more than its rated 
attenuation. As more is learned about the nature and the 
magnitude of carrier-frequency noise on power systems, it 
is reasonable to expect that more informative ratings based 
upon the transmitter power and the receiver sensitivity and 
the response of the latter to noises of a given character and 
magnitude will come into practice. 


46. Losses in a Carrier Circuit 


Th rane . 
e most common sources of attenuation in a power-line 
carrier circuit are: 


1. Losses in coaxial cable between carrier assemblies 
and tuning units. 

2. Losses in tuning and coupling equipment. 

3. Losses in by-pass equipment. 

+. Losses in straightaway transmission lines. 

5. Losses due to discontinuities in transmission lines. 

6. Losses due to division of energy (a) in long branch 
circuits at transmitting points, and (b) in long 
branch circuits remote from transmitting points. 

7. Losses due to low impedance presented by untrapped 
spur lines. 

8. Losses due to simultaneous propagation over alter- 
nate paths. 


The total attenuation in decibels for an entire circuit is 
the sum of the decibel losses for each part of the circuit. A 
discussion of the attenuation that can be expected from 
each of the above sources follows. 

Losses in Coaxial Cable—In practice an attempt is 
"Usually made to match the characteristic impedance of the 
transmission line to the impedance of the coaxial cable 
used between the carrier assembly and the tuning unit. An 
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TABLE 3— APPROXIMATE LossES IN COAXIAL CABLE 


Frequency, ke Loss, db per 1000 ft. 


20 0.2 
50 0.32 
100 0.5 
150 0.6 
300 0.9 


impedance matching transformer is provided for this pur- 
pose in the tuning unit. The losses in typical coaxial cable 
as a function of frequency when properly terminated are 
shown in Table 3. Typical losses in coaxial cable operating 
directly into a 900-ohm line without impedance matching 
or tuning are shown in Fig. 36. 

Losses in Tuning and Coupling Equipment—lIt 
is possible to calculate accurately the losses in a tuning and 
coupling circuit, provided that the Q’s of the tuning in- 
ductance and the coupling capacitor and the characteristic 
impedance of the line are known. However, it is usually 
permissible for estimating purposes to assume a loss of one 
db for a simple tuner-capacitor combination working into 
an open-wire line. 

Losses in tuning and coupling equipment working into a 
circuit of low characteristic impedance, such as a combina- 
tion of several lines in parallel, or a power cable, are great- 
er. An increase in coupling loss of one db can be assumed 
for each additional line at a transmitting point. In the 
case of power cables, an accurate calculation is desirable. 
The db attenuation of a single line tuner and coupling 
capacitor, applied to a power cable or other circuit of char- 
acteristic impedance Z,, is 


ZetRA(L+Q-/Qz) 
Ze 


in. which R, is the resistive component of the coupling 
capacitor impedance at the frequency considered, and Q, 
and Q, are the Q’s of the capacitor and the tuning induc- 
tance, respectively. A Q of 50 to 80 is typical for tuning 
inductances in the 50-150-ke band. For estimating pur- 
poses, a Q of 30 can be used for coupling capacitors. 

The coupling loss for receiving is independent of the 
number of branch circuits at the coupling point, since in 
this case the carrier equipment is the terminating device 
for the coupling circuit. For estimating purposes, a re- 
ceiver coupling loss of 1.0 db can be used. 

The attenuation figures given above are based on single- 
frequency line-to-ground coupling and for estimating pur- 
poses can be doubled for interphase coupling. In the latter 
case, however, the characteristic impedance of the line is 
greater and the actual difference in attenuation is some- 
what less. 

The losses in two-frequency tuners are higher than those 
in simple single-frequency tuners. No accurate figures can 
be given, because the additional losses depend critically 
upon the Q’s of the inductances and the separation of the 
two frequencies involved. For a separation of 25 percent 
or more of the higher frequency, a loss of 2 db at each fre- 
quency can be used for estimating purposes on line-to- 
ground channels, or 4 db on interphase channels. 


db= 10 logio (15) 
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Losses in By-Pass Equipment—The losses in by- 
passing equipment are at least twice those of coupling 
equipment at a carrier terminal because two sets of cou- 
pling capacitors and tuners are involved. An interphase 
by-pass involves four times as much coupling equipment as 
a line-to-ground terminal, and the losses in this case can 
be assumed to be about four times as great, or 4 db. Losses 
in the coaxial between the two tuners must be added to 
these figures. 

A factor that can increase the apparent loss in by-pass 
on a phase-to-ground circuit is that the carrier energy in a 
phase-to-ground channel tends to use the idle phases of 
the line as a return path. Since only the phase to which the 
carrier is directly coupled is normally by-passed, the open- 
ing of a by-passed circuit breaker interrupts the return 
path offered by the other two phases, and a greater in- 
crease in attenuation than that indicated by the loss 
figures previously given may be experienced. This is par- 
ticularly true of phase-to-ground channels on lines not 
provided with ground wires. 

In circuit-breaker by-pass installations involving long 
coaxial cable runs, it is occasionally found that the attenua- 
tion of the overall circuit is greater when the breakers are 
closed than when they are open. This can be explained as 
a case of attenuation due to simultaneous propagation 
over alternate paths, to be discussed presently. A remedy 
usually effective in this case is to reverse the phase of the 
current traveling through the by-pass circuit by reversing 
the connections to the impedance matching transformer in 
one of the tuners. 

Losses in Transmission Lines—The attenuation of a 
straightaway transmission line at carrier frequencies is 
subject to many factors, such as the voltage of the line, 
which affects its construction and its insulation level, the 
type and the condition of the conductors and the insulat- 
ors, the presence or absence of ground wires, the method of 
coupling used, weather conditions, and so forth. For this 
reason the attenuation figures given in Table 4 are neces- 


TABLE 4— APPROXIMATE CARRIER ATTENUATION OF OVERHEAD 
POWER CIRCUITS 


Approximate Attenuation db per Mile 


Line Phase-to-Phase Coupling Phase-to-Ground Coupling 
Voltage 
kv | 20 | 50 | 100 | 150} 300] 20 | 50 | 100 | 150/300 
ke ke ke ke ke ke ke ke | ke | ke 
230 .03 | .05 | .075| .107]| .2 04 | .062) .094] .13| .25 
138 .041] .065] .09 | .12 | .215] .051| .081} .113) .15) .27 
115 .05 | .075] .102} .1385}| .27 | .062}] .094| .130] .16| .34 
69 055} .08 | .11 | .145] .29 | .069|] .100] .137} .18)} .36 
34.5 1.073] .10 | .13 |.18 | .38 | .094].125].16 | .22] .47 


13.8} .12 | .15 | .18 | .215}.45 | .15 | .19 | .22 | 27) .56 


sarily only approximately correct. The figures for phase- 
to-ground coupling are 1.25 times those given for inter- 
phase coupling. On short lines (up to 50 miles) the attenu- 
ation may be greater, and on long lines it may be less, but 
the factor of 1.25 represents a good average. The figure of 
0.1 db per mile is frequently used for preliminary estimat- 
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ing purposes regardless of the frequency, the line voltage, 
or the method of coupling. 

Losses Due to Discontinuities in a Line—Any serieg 
or shunt impedance or physical condition at a given point 
in a line that causes the impedance seen looking into the 
line just ahead of the point in question to be different from 
the characteristic impedance of the line up to that point 
constitutes a discontinuity in the line. Discontinuitieg 
give rise to reflections and standing waves that cause in- 
creased losses in the line up to the discontinuity. In addi- 
tion to these losses there may be losses in the device caus- 
ing the discontinuity, with the net result that a discon- 
tinuity is a source of additional attenuation in a carrier 
channel. 

When a discontinuity as defined above exists close to a 
transmitting point, so that a large fraction of the reflected 
energy returns to the transmitter, the line does not present 
its surge impedance as a load to the transmitter and may in 
fact present an impedance that is highly reactive in nature. 
In such cases it is necessary to compensate for the reactive 
portion of the line impedance by proper adjustment of the 
line tuner and to match the resulting resistive component 
of the load, which may be higher or lower than the char- 
acteristic impedance, by adjustment of the taps of the im- 
pedance-matching transformer in the tuner. Although the 
losses in the short section of line up to the discontinuity 
are greater than if the line were properly terminated, the 
increase is not serious except in extreme cases, and the only 
major loss, if any, is that in the device causing the dis- 
continuity. 

On the other hand, when a discontinuity exists at an 
intermediate point in a channel, sufficiently far from the 
transmitting point so that essentially the characteristic 
impedance of the line is presented to the-transmitter, the 
loss in the line resulting from reflection at the discontinuity 
may be considerable. 

Thevenin’s theorem (see Chap. 10) suggests a general 
method of calculating the loss due to any discontinuity, 
either shunt or series, that exists in a carrier channel at a 
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Fig. 46—Derivation of equations for loss due to series and 
shunt discontinuities in a long line. i 
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point sufficiently remote from the transmitter. If the line 
were open circuited just ahead of the discontinuity, the 
voltage that would exist at the open circuited terminals 
would be twice the voltage that would exist across the line 
if it were continuous; i.e., if there were no discontinuity. 
Furthermore, if the line were short circuited at the trans- 
mitting point, the impedance seen looking into the open- 
circuited terminals back toward the remote source would 
be the characteristic impedance of the line. The system up 
to the discontinuity can be represented therefore by a volt- 
age equal to twice the voltage that would exist with no dis- 
continuity, in series with a resistance equal to the char- 
acteristic impedance of the line. If the discontinuity is a 
series impedance, it is placed in series with the char- 
acteristic impedance of the line beyond the discontinuity. 
If it is a shunt discontinuity, it is placed across the char- 
acteristic impedance of the line, and the combination is 
applied to the terminals of the equivalent network. These 
connections are illustrated in Fig. 46. The resulting loss, 
which includes the loss due to reflection as well as that in 
the device causing the discontinuity, is then expressed for 
a, series discontinuity as 


2 2 
db =20 ibe, ec ae 


22. (16) 
and for a shunt discontinuity as 
iz) 2 2 
db =20 tee Danie esac (17) 
2VRat+ Xa? 


In both of these equations 


Ra= Resistive component of impedance of discon- 
tinuity 

and Xa= Reactive component of impedance of discon- 
tinuity. 


In the derivation of these equations it is assumed that the 
characteristic impedance of the line is the same on both 
sides of the discontinuity. 

Losses Due to Long Brartch Circuits—When a 
carrier transmitter is coupled to a power system at a point 
from which several long untrapped transmission lines radi- 
ate, the load impedance presented to the carrier equipment 
is the parallel of the characteristic impedances of the lines 
involved. The impedance matching transformer in the line 
tuner can usually be adjusted so that this impedance is 
transformed to load the transmitter properly, so that there 
1S no reflection loss. However, the division of the energy 


TABLE 5—Losses Dur To LonG BRANCH CIRCUITS AT 


TRANSMITTING POINTS 
er er er pcg SP if re he 


1 additional circuit 3.0 db 
2 additional circuits 4.8 db 
3 additional circuits 6.0 db 


N additional circuits 10 logio (N-+1) db 
among the several circuits in effect constitutes an attenua- 
tion of energy along the desired path. If the characteristic 
M™pedances of all the lines involved are the same, the losses 
at a transmitting terminal in this case are as shown in 

able 5. It should be noted that these losses are correct 
for a transmitting terminal only. If one or more long un- 
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trapped lines radiate from an intermediate point in a car- 
rier channel, or from a receiving point, there is a loss due 
to reflection as well as a loss due to division of the energy 
among the circuits. Treatment of this case as a shunt 
discontinuity, by methods previously outlined, yields the 
results given in Table 6. 


TABLE 6—Losses Dus To Lone Brancu Circuits REMOTE 
FROM TRANSMITTING POINTS 


1 additional Circuit 3.5 db 
2 additional Circuits 6.0 db 
3 additional Circuits 8.0 db 


N additional Circuits 20 logio( “F*) db 


Losses Due to Short Untrapped Branch Lines— 
As contrasted with the long branch lines just considered, 
short untrapped spur lines (in general, lines less than 50 
miles in length) may present shunt impedances differing 
radically from the characteristic impedance of the line. If 
the terminating impedance and the length of a spur line 
are known accurately, it is feasible to calculate the im- 
pedance such a spur line presents at its input terminals at 
a given frequency. This impedance can then be considered 
as a shunt discontinuity and treated by the method previ- 
ously given. Fig. 12 shows the absolute value of the input 
impedance of a typical line (Z,= 730 ohms, attenuation 
0.186 db per wavelength) as a function of various capaci- 
tive reactance terminations. 

Data on the carrier frequency impedance of power trans- 
formers and other terminating devices are not generally 
available, however, and it is not usually possible to caleu- 
late the input impedance of a spur line. If after installa- 
tion of the equipment a carrier frequency cannot be chosen 
that will maximize the spur-line impedance, it may be 
necessary to install line traps to isolate the spur line from 
the carrier channel. In this case the effect of the spur line 
upon the attenuation is reduced to a low value, depending 
upon the characteristics of the line trap. 

Losses Due to Simultaneous Propagation Over 
Alternate Paths—A carrier channel that includes two 
alternate paths may suffer attenuation due to out-of-phase 
arrival at a common point of signals traveling over the two 
paths. The magnitude of this attenuation is highly vari- 
able, depending upon the nature of the two paths, their 
relative individual attenuations, and the frequency used. 
Limiting attenuation figures can be established, however, 
for certain cases in which one or both of the alternate 
paths are long (over 50 miles). 

If both paths are long, there is a loss of 0.5 db at the 
branch point due to reflection. The relative amplitudes 
and the phase of the two signals arriving at the junction of 
the paths determines the additional attenuation. Specific 
cases are as follows: 

Equal Amplitudes, In-Phase Arrival—Reflection losses 
of 0.5 db at junction and at branch point due to impedance 
mismatch. Total attenuation from branch point to junc- 
tion 1.0 db plus attenuation of one path. 

Equal Amplitudes, Out-of-Phase Arrival—Cancellation 
of voltage at junction, infinite attenuation. This is an 
unlikely condition because two long alternate paths having 
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exactly the same attenuation are rarely encountered. The 
attenuation may still be large in practical cases, however, 
as pointed out below. 

Unequal Amplitudes, In-Phase Arrival—Maximum loss 
at Junction 3.5 db. Total maximum loss 3.5 db at branch 
point due to reflection and division of energy, plus 3.5 db 
maximum at junction, plus attenuation of shorter path. 
These maximum losses are based on complete attenuation 
of the signal in the longer path. 

Unequal Amplitudes, Out-of-Phase Arrival—Minimum 
loss at junction 3.5 db, increasing with decreasing differ- 


LOSS AT JUNCTION, 0B 


OIFFERENCE IN ATTENUATION OF PATHS, DB 


Fig. 47—Loss due to out-of-phase arrival of signals at a 

junction of two long alternate paths. This curve gives loss at 

the junction only and does not include the loss at the branch- 

ing point or the loss in the paths themselves. The junction is 

assumed to be terminated by a single line which is a contin- 
uation of the channel. 


ence in attenuation of the two paths, as shown in Fig. 47. 
To these losses must be added 0.5 db loss at the branch 
point due to reflection and 3 db due to division of energy, 
plus the attenuation of the shorter path. 

If both paths are short and of unequal length, the atten- 
uation may be very great, particularly if one of the paths 
is a half wavelength longer than the other. 

In general, if the frequency cannot be adjusted after 
installation to avoid out-of-phase arrival at a junction, it 
may be necessary to resort to the use of line traps to elim- 
inate alternate paths. A long alternate path, when trapped 
at one end only, reduces to the case of a single long branch 
circuit, for which the attenuation is 3.5 db. A short alter- 
nate path may require trapping at both ends for reduction 
of the attenuation to an acceptable value, because a trap 
installed at one end only may reduce the situation to that 
of a short untrapped spur line, for which the attenuation 
may still be excessive. 
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47. Example of Calculation of the Total Attenua- 
tion of a Typical Carrier Circuit 

The typical system of Fig. 48 will be used to illustrate 
the application of the principles just discussed in estimat- 
ing the attenuation of a carrier channel. In this example 
a 100 ke line-to-ground-coupled carrier channel is to be 
established between Stations A and C, and the losses are 
to be estimated for transmission in each direction. 

At Station A there are three long circuits on the 138-ky 
bus in addition to the circuit over which carrier is to be 
transmitted. These cause a loss of 6 db because of division 
of the energy among the total of four circuits (Table 5), 
They also cause an additional coupling loss because the 
coupling circuit is working into a load impedance lower 
than normal line characteristic impedance. This additional 
coupling loss is estimated at 1 db for each additional 
circuit, or 3 db, plus the normal 1 db coupling loss. 

All line losses are estimated from Table 4. bs 

‘The branch circuit loss at Station B is 6 db, as given by 
Table 6, because this station is remote from the trans- 
mitting point. 

The by-pass loss at Station C is twice the loss of a ter- 
minal coupling circuit, or 2 db, plus 0.5 db loss for 1000 
feet of coaxial cable at 100 ke (Table 3). 

The loss in the trap on the short line out of Station C 
is approximately 0.5 db, as shown in Fig. 24 for a 400- 
ampere trap terminated in zero impedance. 

There is an alternate path between Station C and Sta- 
tion D which has approximately 7 db greater attenuation 
than the direct path. From Fig. 47 the maximum possible 
loss, which would occur with out-of-phase arrival of the 
signals at Station D, is estimated as 8.5 db. To this must 
be added a loss of 3 db due to division of energy between 
the alternate paths at Station C, plus a reflection loss of 
0.5 db at this point, a total attenuation of 12.0 db due to 
the presence of the alternate route. These figures do not 
include the 5.5 db attenuation of the direct path, which is 
added separately. : 

The long line extending beyond Station D serves as a 
terminating impedance for the circuit. Most modern car- 
rier transmitter-receiver assemblies present an impedance | 
of 5 to 10 times the load impedance into which they are ; 
intended to work, and as a result they do not serve to 
terminate a line in its characteristic impedance. If the line 
beyond Station D were not present, there would be aslight ° 
gain in voltage received at Station D because of the high 
terminating impedance. 

There is an estimated 1 db coupling loss for receiving at 
Station D, plus 0.25 db coaxial cable loss. The total atten- 
uation of the channel for transmission from Station A to 
Station D is the sum of all the losses discussed. These are 
summarized and added in Fig. 48, giving a total attenua- 
tion of 52.2 db for the channel. : 

For transmission from Station D to Station A, there 18 
a 4.8 db loss at Station D due to division of energy among # 
the three lines on the bus, and an increase of 2 db in the a 
coupling loss. The additional loss due to the alternate path 
in this case is 8.5 db at Station C. At Station A, one of the J 
branch lines can be considered as a continuation of the¥ 
main line. The other two branch lines cause 6 db attenua- 
tion, partly due to reflection and partly due to division ot § 
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LONG LINE 


STATION OD 


STATION G 


1000 FT 


500 FT 
CO-AXIAL CABLE 


STATION A STATION D 
SUMMARY OF LOSSES TO STATION D TO STATION A 
1. CO-AXIAL GABLE LOSS AT STATION A 0.25 db 0.25 db 
2. COUPLING LOSS AT STATION A 1.0 1.0 
3. ADDITIONAL COUPLING LOSS CAUSED BY BRANCH CIRCUITS 3.0 
4. BRANCH CIRCUIT LOSS AT STATION A 6.0 6.0 
5.LOSS IN 50 MILE 138 KV LINE 57 57 
6.BRANGH CIRCUIT LOSS AT STATION B 6.0 6.0 
7. LOSS IN 75 MILE 138 KV LINE 8.5 8.5 
8.BY-PASS LOSS AT STATION G 2.0 2.0 
9.CO-AXIAL CABLE LOSS AT STATION G 0.5 0.5 
10.LOSS IN TRAP ON SHORT LINE AT STATION C 0.5 0.5 
11,LOSS DUE TO ALTERNATE PATH FROM STATION C TO 
STATION D (MAXIMUM) 12.0 8.5 
12.LOSS IN 40 MILE 66 KV LINE 5.5 5.5 
13.COUPLING LOSS AT STATION D 1.0 3.0 
14. BRANCH CIRCUIT LOSS AT STATION D 4.8 
15. CO-AXIAL CABLE LOSS AT STATION D 0.25 0.25 
TOTAL ATTENUATION 52.2. ab 525 db 


Fig. 48—Typical system assumed for example of calculation of losses, and summary of attenuation in each direction. 


tnergy. The coupling loss for receiving is estimated as 1 
db. All other losses in the channel are the same as for 
transmission from Station A to Station D. The total atten- 


uation of the channel for transmission from D to A is 
therefore 52.5 db. 


GENERAL CONSIDERATIONS IN APPLYING 
CARRIER SYSTEMS 


48. Trapped Channels vs. Broadcast Systems 


From the discussion just given of the sources of attenu- 
ation to carrier in a power system, it is evident that suc- 
cessful operation of a proposed carrier channel on a speci- 

ed frequency can be assured only if spur lines, short 


alternate paths, and other causes of high attenuation are 
eliminated from the channel by means of line traps. A 
clean, well-trapped channel delivers a reliable signal at the 
receiving point on any carrier frequency that may be 
available for use, regardless of system switching conditions. 

As a result of the crowding of the carrier frequency 
spectrum on most interconnected power systems in this 
country, it is seldom that any appreciable latitude is avail- 
able in the choice of a frequency for a new channel. Where 
a choice is available, however, it is sometimes possible to 
install carrier equipment on a system with little or no 
trapping and to experiment with different frequencies until 
one is found which permits successful transmission between 
the carrier terminals under all anticipated system switch- 
ing conditions. In this case the carrier energy is ‘‘broad- 
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cast” throughout the power system, and the signal deliv- 
ered to the intended receiving point is inherently weaker 
and less reliable than that delivered over a clean channel. 
Frequently it is impossible to find on a complicated system 
a frequency that permits successful operation of a “‘broad- 
cast” type of channel. In this case it is necessary to seek 
out the sources of high attenuation and to isolate them one 
by one until a workable channel is obtained on an available 
frequency. 

Tt is clear, therefore, that a trapped channel is preferable 
to a broadcast type of channel from the standpoint of 
reliability, ease of application, improved signal-to-noise 
ratio, and reduced interference to neighboring systems. 


49. Frequency Assignments and Separations 


One of the most important problems in the application 
of carrier equipment is the determination of the minimum 
frequency separation required between channels on the 
game system and the assignment of frequencies to new 
channels in a manner that permits maximum conservation 
of the available spectrum space. 

In general, it is advisable to assign the lower frequencies 
in the spectrum to long-haul communication and tele- 
metering channels, and to use the higher frequencies, which 
are attenuated more rapidly, for short channels. Relaying 
channels in particular are well suited to operation on the 
higher frequencies because they are always trapped at both 
ends and extend over only one line section. There are 
cases of successful application of relaying systems on iden- 
tical frequencies on well-separated line sections on the 
same power system. 

The frequency separation required between carrier chan- 
nels on a power system is a function of a number of factors, 
such as the selectivity of the receivers employed, the rela- 
tive strengths of desired signals and interfering signals at 
a receiving point, the type of modulation used, and the 
purposes for which the channels are applied. The last 
factor determines approximately the signal-to-interference 
ratio that can be tolerated. For these reasons no generally 
applicable figures for required separations can be given and 
each case must be considered individually. 

Other factors being equal, single sideband channels can 
be spaced closer together in the spectrum than channels 
using other types of modulation. This results primarily 
from the increased receiver selectivity permissible in the 
reception of single sideband signals. The narrow band- 
width occupied by single sideband channels is also an 
important factor in determining required frequency separa- 
tions between them and other types of channels, although 
the selectivity of the receivers used in the other channels 
is the limiting factor in determining the permissible re- 
duction of the separation in this case. 

The signal-to-interference ratio acceptable in a given 
type of service is to some extent a matter of opinion, and 
in addition it depends critically upon the adjustment of 
the equipment in most applications. Hence it is difficult to 
set down specific figures for various cases. Discussion of a 
few of the considerations involved, however, will aid in 
establishing acceptable figures for a given application, and 
Table 7 can be used as a guide. 

In telegraph-type channels, in which the operation or 


Power-Line Carrier Application 


Chapter 19 ‘ 


TABLE 7—RATIO BETWEEN MINIMUM SIGNAL RESPONSE 
AND MAXIMUM INTERFERENCE RESPONSE ON CARRIER 
RECEIVERS FOR VARIOUS APPLICATIONS 


cing 


tKeyed tCarrier 
Carrier | Relaying or Tone *Voice 
Tele- Supervisory Telemetering Communication 
metering Control 
15 db 20 db 15 db 15 db 


minimum on 
automatic simplex 
systems, 

10 db 
tolerable for 
short periods 

on other systems. 
20 db good 
30 db excellent. 


Tt Receiver sensitivity set so that receiver detector is barely saturated on mine 
imum signal, 

*Receiver sensitivity set so that minimum signal is at lower end of ave rango, 
On automatic simplex systems, no greater transfer unit r-f sensitivity should be 
used than that required to give reliable operation on minimum signal, 


for a single 
received tone, 
(15+20 logis N) db 
for multiple tones, 
where N is the 
number of tones. 


non-operation of a receiving relay is the criterion of the 
effect of interference, it is necessary only to allow a reason- 
able margin of safety for relay drop-out in specifying the 
maximum interference level. A 2 to lL ratio is a reasonable 
margin for telemetering purposes. If the telegraph receiver 
sensitivity is set so that the minimum expected value of 
the desired signal just causes saturation of the detector 
plate current, the maximum response of the receiver to an 
interfering signal should not exceed half the relay drop-out 
current. In the usual saturated-detector type receiver, 
this ratio is 12 to 15 db. 

Although the same type of equipment is used for relaying 
purposes and frequently for supervisory control, the con- 
sequences of an incorrect relay operation in these applica-— 
tions are more serious and hence an additional factor of 
safety of 5 db has been allowed in Table 7 for these — 
functions. 

In tone telegraph service, such as tone telemetering, the 
carrier signal is normally on continuously, and the receiver 
sensitivity setting is not so critical, provided that the re- 
ceiver operates on the flat portion of the ave (automatic - 
volume control) characteristic over the entire range 0 
variation in signal strength. The maximum signal-to- 
interference ratio that can be tolerated for a received car- _ 
rier modulated 100 percent by a single tone is the same a8 
that for keyed carrier reception, or 15 db, because the’ £ 
saturation characteristics of tone receivers are similar to: 
those of saturated-detector carrier receivers. Additional 
margin must be allowed for modulation by more than 4 
single tone, however, because the permissible percentage » 
of modulation by each tone is reduced as the number of § 
tones is increased. This is equivalent to a reduction 0 
signal strength at the input of the tone receivers, and the! 
sensitivities must be increased accordingly. Hence a for- 4 
mula which provides an allowance for additional tones }8,4 
given in Table 7. 4 

It is difficult to give actual figures for voice communica 
tion circuits, because there are widely different opinions a8 
to what constitutes a ‘‘usable” channel or a ‘‘good’’ chat-g 
nel. Although it is possible to convey intelligence over 4g 
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yoice channel in which the signal-to-interference ratio is 
nearly unity, a ratio of 10 db is about the minimum that 
cun be tolerated for any length of time. A 20-db ratio is 
considered good and a 30-db ratio excellent by most users. 
The nature of the interference also is a factor on communi- 
cation channels. For example, the psychological effect of 
speech interference of a given level is greater than that of 
interference of other types at the same level. 

In automatic simplex channels, there must be adequate 
margin between the response of the receiver to the desired 
signal and its response to the interfering signal when the 
desired signal is absent, to permit reliable operation of the 
transfer unit. In such systems the receiver sensitivity 
should be set so that desired signals just cause operation 
on the flat portion of the avec characteristic when allowance 
is mide for maximum attenuation. A minimum of 10 db 
difference between response to interference and response 
to such signals should then be allowed. Because of residual 
ave action, this requires about 15-db attenuation of the 
interference in typical receivers. Hence, automatic simplex 
channels should not be expected to operate reliably with 
smaller signal-to-interference ratios than 15 db. 

The first step in the process of estimating required fre- 
quency separation is to calculate the relative strengths of 
the desired and undesired signals at the receiving point or 
points. This can be done by methods outlined in the sec- 
tions of this chapter devoted to estimating attenuation. 
The relative carrier powers of the signals at the receiver 
ure the original transmitter carrier outputs reduced by the 
attenuation of the respective paths of the signals to the 
receiving point in question. This establishes a signal-to- 
interference ratio at the receiver input terminals. The 
difference between this ratio and the required signal-to- 
interference ratio must be made up by the selectivity of 
the receiver. The separation required for this purpose can 
he determined by reference to the selectivity curve of the 
receiver at the particular frequency in question. Consider- 
wion must be given to the bandwidth of the interfering 
signal. This depends upon the type of service for which it 
is employed and the modulation system used. For ex- 
imple, an interfering a-m voice communication signal 
occupies a bandwidth extending approximately 3 kilocycles 
on each side of the carrier frequency and requires corre- 
spondingly greater separation from the desired signal than 
i carrier signal which is keyed for telemetering purposes 
‘nd occupies a band of only a few cycles on each side of the 
carrier frequency. If the interfering channel is a single 
sideband voice channel, its bandwidth extends three kilo- 
cycles below the carrier frequency if the lower sideband is 
used, or three kilocycles above it if the upper sideband is 
transmitted. The suppression of the unused sideband can 
be assumed to be a minimum of 20 db. 

_The following is an example of the use of the principles 
discussed in determining required frequency separation for 
2 typical case: 


On a 100-ke voice communication channel having 50-db at- 
tenuation under extreme conditions, transmitter carrier power 
is 25 watts, and a receiver having the selectivity curve of Fig. 

is used. A new a-m voice channel is to be added to the 
System. The transmitters in the new system will have a car- 


‘er output of 2.5 watts and the minimum attenuation between 
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any transmitter of the new channel and any receiver of the 
original channel is 10 db. What is the minimum frequency 
separation required to give a 20 db signal-to-interference ratio 
in the original channel? 


The signal to interference ratio at the input terminals 
of the receiver is minus 30 db (10 db difference in trans- 
mitter power and 40-db difference in attenuation). There- 
fore 50 db of interference rejection is required for a 20-db 
signal-to-interference ratio. According to Fig. 49, signals 
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Fig. 49—Typical a-m receiver selectivity curve. 
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at 108 ke and at 92 ke are attenuated by this amount when 
the receiver is tuned to 100 ke. Allowing 3 kilocycles for 
sideband components of the interfering signal, the mini- 
mum separation of the carrier frequency of the new channel 
from that of the original channel is 11 ke above it or 11 ke 
below it. These are safe figures for either duplex or auto- 
matic simplex channels, provided that in the latter case 
the receiver sensitivity is adjusted properly. By a similar 
process, the separation required to provide a 20-db signal- 
to-interference ratio in the new channel can be estimated. 
Either the figures so obtained or those previously calcu- 
lated, whichever are the larger, determine the separation 
required to maintain a minimum of 20-db signal-to-inter- 
ference ratio in both channels. 


50. Signal-to-Noise Ratio 


Minimum tolerable signal-to-noise ratios for various 
carrier applications parallel closely the values of minimum 
signal-to-interference ratios given in Table 7, provided that 
the proper characteristic of the noise (e.g. peak amplitude, 
average amplitude, etc.) is considered in establishing these 
ratios for each application. The receiver bandwidth also 
must be considered in most applications, because noise 
response is usually a function of bandwidth. 

In keyed-carrier telemetering applications, the average 
rectified noise output of the receiver is a measure of the 
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interfering properties of the noise. For impulsive inter- 
ference with pulses separated sufficiently to prevent over- 
lapping of the resulting wave trains, the average output is 
independent of the receiver bandwidth, and hence band- 
width does not enter into the picture in such applications. 
The area of the impulses is the major determining factor. 

The same comments apply to carrier relaying, although 
in this case trouble from noise is not likely to be encoun- 
tered. Because of the limited extent of carrier relaying 
channels, and the fact that they are always trapped at both 
ends, signal-to-average-noise ratios at receiving points are 
practically always far above the 20-db minimum. <A pos- 
sible exception is the case of three-terminal lines in which 
one leg of the circuit is approximately an odd number of 
quarter wavelengths at the frequency used. 

For supervisory control by keyed carrier, the 20-db ratio 
given by Table 7 should be maintained between minimum 
signal and average noise. 

In tone telegraphic functions (e.g. telemetering) the nar- 
row bandwidth of the tone receivers reduces their response 
to random noise to negligible amounts. In addition to this 
factor, the wave trains resulting from impulsive noise with 
60- or 120-cycle pulse-frequency overlap to a considerable 
extent in tone receivers of the usual narrow bandwidth. 
Under these conditions the average rectified noise output 
is less than that obtained with broadly tuned circuits. The 
actual reduction is a function of the bandwidth of the tone 
receivers, which in turn is usually a function of the tone 
frequency itself. However, the formula given in Table7 can 
be used as a guide to the maximum permissible signal-to- 
noise ratio, and the additional noise reduction due to over- 
lapping of the wave trains can be taken as a safety factor. 

In carrier communication applications, the type of sys- 
tem used determines which noise characteristic is most 
important. In automatic simplex systems, operation of 
the transfer unit occurs when the peak value of the noise 
equals the r-f sensitivity setting of the unit. Although 
momentary operation of the transfer unit on extremely 
high isolated peaks occurring not oftener than once or 
twice a minute should not be objectionable, the signal-to- 
peak-noise ratio for noise peaks occurring more frequently 
should not exceed the 15 db shown in Table 7. 

Quasi-peak noise levels are representative of the inter- 
fering effects of noise in duplex and manual simplex carrier 
communication channels. The figures of Table 7 can there- 
fore be used as the maximum permissible signal-to-quasi- 
peak noise ratios in these systems for various grades 
of service. 

Because it is not ordinarily possible to reduce apprecia- 
bly the noise level present at a given receiving point in a 
carrier system, the only practical way to improve signal- 
to-noise ratio is to raise the signal level at the receiving 
point. It is not usually feasible to raise signal levels by 
increasing the transmitted power, because appreciable 
gains in terms of decibels require inordinately large in- 
creases in power. For example, to raise the signal level 
from a 10-watt transmitter by 20 db requires an increase 
to 1000 watts, or 100 times the original power. A much 
more practical solution is to reduce the channel attenuation 
by judicious application of line traps to eliminate short 
taps or spur lines and alternate paths. 
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POWER-SYSTEM STABILITY 
BASIC ELEMENTS OF THEORY AND APPLICATION 
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power-system stability problem including definitions 

of basic terms, useful physical and analytical con- 
cepts, methods of calculation of steady-state and transient 
stability problems for simplified systems, and the exten- 
sions necessary for the application of these principles to 
practical systems. Short-cut methods for estimating per- 
missible transmission-line loading, and the transient sta- 
bility performance of common systems are presented. 
Means of improving system stability are discussed. Ex- 
amples of steady-state and transient stability calculations 
appear throughout the chapter. 

On commercial power systems, the larger machines are 
of the synchronous type; these include substantially all of 
the generators and condensers, and a considerable part of 
the motors. On such systems it is necessary to maintain 
synchronism between the synchronous machines under 
steady-load conditions. Also, in the event of transient 
disturbances it is necessary to maintain synchronism, 
otherwise a standard of service satisfactory to the user will 
not be obtained. These transient disturbances can be pro- 
duced by load changes, switching operations, and, particu- 
larly, faults and loss of excitation. Thus, maintenance of 
synchronism during steady-state conditions and regaining 
of synchronism or equilibrium after a disturbance are of 
prime importance to the electrical utilities. Electrical 
manufacturers are likewise concerned because stability 
considerations determine many special features of appara- 
tus and under many conditions importantly affect their 
cost and performance. The characteristics of virtually 
every element of the system have an effect on stability. It 
introduces important problems in the coordination of elec- 
trical apparatus and lines in order to provide, at lowest 
cost, a system capable of carrying the desired loads and of 
maintaining a satisfactory standard of service, both for 
steady-state conditions and at times of disturbances. 

The problem of system stability had its beginning when 
synchronous machines were first operated in parallel or in 
synchronism. It was early recognized that the amount of 
power that can be transferred from one synchronous 
machine to another is limited. This amount of load is 
known as the stability limit, and when it is exceeded, the 
machine acting as a generator “over speeds” and the 
machine acting as a motor “‘stalls.”’ 

As power systems developed, it was found with certain 

*H. N. Muller, Jr. was the original author of ‘System Stability— 
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machines, particularly with certain systems connected 
through high-reactance tie lines, that it was difficult to 
maintain synchronism under normal conditions and that 
the systems had to be separated in the event of faults or 
loss of excitation. Various emergency conditions occa- 
sionally made it necessary to operate machines and lines 
at the highest practicable load; under these conditions 
stability limits were found by experience. Subsequently, it 
became apparent that many of the interruptions to service 
were the result of disturbances that caused loss of syn- 
chronism between various machines and that, by modify- 
ing the system design, layout, or operation, it was possible 
to provide a better standard of service. 

The early analytical work on system stability was di- 
rected to the determination of the power limits of syn- 
chronous machines under two conditions: first, the pull-out 
of a synchronous motor or generator from an infinite bus; - 
and second, the pull-out or stability limit for two identical 
machines, one acting as a generator and the other acting as 
a motor. However, the principal developments in system 
stability did not come about as an extension of synchro- 
nous-machine theory, but as the result of the study of long- 
distance transmission systems. 

The modern view of the stability problem dates from the 
1924 Winter Convention of the American Institute of 
Electrical Engineers when a group of papersf called atten- 
tion to the importance of the problem and presented the 
results of the first laboratory tests! on miniature systems 
proportioned to simulate a power system having a long 
transmission line. Another important step was taken in 
1925 when the first field tests “5 on stability were made on 
the system of the Pacific Gas and Electric Company. 
Much additional practical information? on the problem 
was obtained by transient recording apparatus, first in- 
stalled on the system of the Southern California Edison 
Company. Initially the studies of the problem were re- 
stricted principally to the determination of whether cer- 
tain layouts, proposed for the longer transmission projects, 
were actually capable of transmitting the desired amount 
of power under steady-state conditions. Subsequently, it 
was found that the more important phase of the problem 
was in the determination of system layouts and loads that 
would insure satisfactory operating characteristics at times 
of various transient disturbances arising from load changes, 
switching operations, and circuit faults with their subse- 
quent isolation. During the ten-year period from 1924 to 
1933, the theory of system stability was carefully investi- 

tAIEE Transactions, vol. 43, pp. 16-103, 1924. 
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gated. During this work there were proposed many new 
methods of improving the stability of systems as dis- 
cussed in the latter part of this chapter. Since that time 
considerable experience has been obtained with methods 
of analyzing stability and with new methods of improving 
stability, with the result that the subject is now considered 
to be on a basis that is satisfactory from the standpoint of 
theory and practice. 

The nolation used throughout this chapter is as follows: 
FE represents a vector quantity and may be expressed in 
terms of rectangular coordinates or in polar form. E’ rep- 
resents the magnitude or scalar value of vector E. Thus, 


E=E(cos §+j sin 0) =Ee®=E/0 


I. BASIC CONCEPTS OF STABILITY 
1. Essential Factors in the Stability Problem 


The essential factors in the stability problem are illus- 
trated in connection with the two-machine system shown 
schematically in Fig. 1. The various elements ef the sys- 
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INPUT INTERNAL VOLTAGE output 
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PM G x M 
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Fig. 1—Basic diagram for the two-machine stability problem. 


PM—Prime mover. 
G—Synchronous generator. 
X—Reactance line. 
W4—Synchronous motor. 
SL—Shaflt load. 


tem, prime mover, synchronous generator, reactance line, 
synchronous motor, and the shaft load, are indicated, 
There are seven essential factors affecting stability. These 
are of two kinds, mechanical and electrical. The essential 
mechanical factors are: 


1. Prime-mover input torque. 

2. Inertia of prime mover and generator. 
3. Inertia of motor and shaft load. 

4. Shaft-load output torque. 


The essential electrical factors are: 


1. Internal voltage of synchronous generator. 
2. Reactance of the system including: 

a. Generator 

b. Line 

c. Motor. 
3. Internal voltage of synchronous motor. 


In the foregoing discussion, losses have been ignored and 
this is permissible since losses do not affect the phenomena 
except to introduce damping for which allowance can easily 
be made after the character of the system oscillations is 
understood. To introduce damping at the outset would 
obscure the character of the essential phenomena involved. 
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Fig. 2—Elementary power-circle diagram for linereactance X, 
voltages E, and E,, system of Fig. 1. 


2. Power-Circle Diagrams and Power-Angle Dia- 
grams 


The performance characteristics of the simple two- 
machine power-transmission system, Fig. 1, are readily 
shown by power-circle diagrams and power-angle diagrams 
as given in Figs. 2 and 3 respectively. The diagrams are 
based on methods described in Chap. 9 and are reducible 
to the simple form shown because they depend, in the 
absence of loss, merely upon the four factors B’,, Ein, 8 and 
X. The equation relating power transfer in a three-phase 
system is as follows: 


E Ein . 
P= 7 sin 6 (1) 
p=) 
a, 
z 
a 
WJ 
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Fig. 3—Elementary power-angle diagram, system of Fig. 1. 
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where: 


P=three-phase power transferred in watts. 
E,=internal voltage of generator (line-to-line volts). 
Ey = internal voltage of motor (line-to-line volts). 
NX=reactance between generator and motor internal 
voltages, ohms per phase. 
§=angle by which the internal voltage of generator 
leads the internal voltage of motor. 


When per-unit values of voltages and reactance are used 
in Eq. (1), the power transferred is obtained as a per-unit 
quantity referring to the kva base being used. Thus, the 


three-phase power How in kilowatts would be the per-unit -* 


value multiplied by the kva base. 
3. Meaning of Stability Terms 
nism” are quite frequently used interchangeably. How- 


ever, @ system consisting of a synchronous generator, a 
reactance line, and an induction motor may become un- 


stable but cannot lose synchronism. Nevertheless, system: 
stability 1s, ordinarily, of importance only when it deals.* 


with the conditions of stable operation between synchro- 
nous machines. The problem is of importance, primarily 
from the standpoint of the maximum amount of power 
that can be transmitted without instability being incurred 
under steady-state conditions or as a result of circuit 
changes or faults. The terms “stability” and “power limit” 
are also frequently used interchangeably. However, a 
simple system consisting of a generator, a reactance line, 
and a resistance load has a definite power limit without 
having a stability limit. 
Stability can be formally defined as follows: 

Stability when used with reference to a power system, is 
that attribute of the system, or part of the system, which 
enables it to develop restoring forces between the elements 
thereof, equal to or greater than the disturbing forces so as 
to restore a state of equilibrium between the elements.* 


Stability applies to both steady-state and transient con- 
ditions on a power system. The distinction between them 
depends upon whether the stability applies to a condition 
that includes a transient disturbance. Certain automatic 
devices, such as voltage regulators, have a bearing on the 
stability conditions. If such devices are used this fact 
should be indicated as follows: steady-state stability with 
automatic devices. 

Stability limit for a system with synchronous machines 


can be considered the same as the power limit, and is 
defined as: 


A Stability Limit is the maximum power flow possible 
through some point in the system when the entire system or 
the part of the system to which the stability limit refers is op- 
erating with stability.* 


Criterion of Stability—There are several criteria for 
the determination of the conditions establishing stability 
that are needed in connection with the analysis of 
complicated systems. These criteria can be stated as 
follows: 


*American Standard Definitions of Electrical Terms, ASA-C42- 
1941, 
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A power-transmission system operating under specified 
circuit and transmitted load conditions is said to be stable if, 
when displaced from these conditions by any small arbitrary 
forces, the system upon removal of these forces develops re- 
storing forces tending to return it to the original conditions. 


The arbitrary displacement can be made in several ways, 
the most convenient of which is a small arbitrary increase 
in the angular displacement. 


4. Application of the Criterion of Stability 


The application of the definition of stability and the 
criterion of stability will now be considered in connection 
with the system of Fig. 1. Examination of Figs. 2 and 3 


_shows that solutions are obtained for the points corre- 


. sponding to the power FP’ at the angle 6’ and also to the 


‘power P” at the angle 9”. 


The terms “stability” and “maintenance of synchro- * amounts of sending and receiving power are equal and P’ 


In the absence of loss, the 


+ and P” are equal. 


In applying the criterion of stability, the system is as- 


“sumed to be subjected to a slight arbitrary reduction in 


ere 


‘ angle between internal voltages from @’ to 6,’ in Fig. 3, 


and the power transferred from the generator to the motor 
is Correspondingly reduced from P’ to P,’. The input and 
output torques, Fig. 1, remain constant and are equal to 
each other and to P in Fig. 3 since the system is assumed 
to have no loss. The prime-mover input power P is now 
greater than the electrical output power Py’, resulting in 
acceleration of the generator rotor which tends to increase 
the angle between the sending and receiving ends of the 
system. At the receiving end, the electrical input to the 
motor P;’ is now less than its mechanical output P and 
this difference in power decelerates the motor, which also 
tends to increase the angle between the sending and receiv- 
ing ends. Thus the arbitrary reduction of the angle be- 
tween the internal voltages of the generator and motor 
from 6’ to 6; reduced the electrical power transferred 
through the system and resulted in the development of 
restoring forces tending to increase the angle between the 
internal voltages and return the system to the original 
angle @’. Since losses have been omitted, the angle between 
the internal voltages would oscillate about the value 6’, 
but in a practical system where losses are always present, 
this oscillation would be damped and the system would 
eventually return to the original angle. 

Next, assume that the system is subjected to a slight 
arbitrary movement increasing the angle from 6’ to 6’. 
Under this condition the output of the generator Py.’ is 
greater than its input, which corresponds to P. The dif- 
ference in input and output decelerates the generator and 
thus tends to reduce the angle between the sending and 
receiving ends. Similarly, since losses are neglected, the 
input to the motor is greater than its shaft load with the 
result that the motor accelerates and thus tends also to 
reduce the angle between the sending and receiving ends. 
The arbitrary displacement of the system, by a small 
amount from the solution at the angle 6’ in such a direction 
as to increase the angle, creates restoring forces to return 
the system to the original operating point. 

It has been shown that if the system operating at the 
angle 6’ is subjected to small disturbing forces, then regard- 
less of the direction of the small disturbing forces, when 
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these forces are removed the system develops restoring 
forces in such a direction as to return the system to the 
original angle between the internal voltages of the gener- 
ator and motor. Therefore, the mathematical solution 
corresponding to the power P’ and the angle @’ constitutes 
a stable operating point, since any tendency for the system 
to drift away from the operating point 6’ developes ade- 
quate restoring forces. 

Critical Point in System Oscillation—Consider next 
the operation at the point defined by the angle 6”’ and the 
power P’”. Assume the condition with the anglé 6” in- 
creased to 6’, Under this condition the output of the 
generator and input of the motor are decreased to P2’’, so 
that the output of the generator is less than its input, and 
the input of the motor is less than its output or shaft load. 
These circumstances produce forces that accelerate the 
generator and decelerate the motor, and increase further 
the angle by which the generator leads the motor. The 
changes in force are such as to augment the change in 
angle with the result that the system pulls out of step, that 
is, the system becomes unstable. Apply next this same 
criterion for the condition of a slight reduction in the angle 
below 6”. For 6,’ the electrical output of the generator is 
greater than its mechanical input and the electrical input 
to the motor is greater than its mechanical output or shaft 
load. The change in the angle between internal voltages 
in the system slows down the generator and speeds up the 
motor. Both of these changes cause the system to reduce 
still further the angle between the internal voltages. Thus 
the solution corresponding to the angle @” and the power 
P” is said to be an unstable solution since a slight depar- 
ture from that point sets up forces to augment the change 
in that same direction instead of restoring the condition to 
the original point of solution. However, in the case of 
movement back from the point corresponding to the angle 
6’’, the system further reduces the angle and moves in the 
direction of the stable operating point at 6’. The system 
will develop forces causing it to move in the direction of 6’ 
for all angles between 6” and 6’. 

Thus the point corresponding to the angle 6’’ is the 
critiéal point in system oscillation for given internal volt- 
ages, reactance, and power-flow conditions. If the system 
has a stable solution at @’, it can withstand system dis- 
turbance that causes it to oscillate on cither side of this 
angle up to 6’. If that angle is exceeded, the system will 
lose synchronism. If that angle is not reached, the system 
will oscillate about 6’ and because of losses it will come 
into equilibrium at that angle. 


5. Steady-State Stability Limit 


For the simple two-machine transmission system illus- 
trated in Fig. 1, the steady-state stability limit is given by 
the maximum power obtained from either the power-circle 
diagram or the power-angle diagram of Figs. 2 and 3. The 
steady-state stability limit of a system without loss occurs 
at the angle of 90 degrees between sending and receiving 
ends as shown by these diagrams or as readily obtained 


from Eq. (1). The steady-state limit for a three-phase 
system is given by en 
EE, 

Prax =~ 2 

o (2) 
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which gives the maximum power in watts when the volt. 
ages are expressed as line-to-line volts and the reactance 
as ohms per phase, or the maximum power in per unit 
when per-unit voltage and reactance are used. If the eri- 
terion of stability is applied, (1) for all load conditions 
with the power and angle less than those corresponding to 
the 90-degree limit, the system will be inherently stable: 
whereas (2) for all loads at angles greater than 90 degrees 
the system will be unstable. The 90-degree load point for 
a system without loss is the critical load or the maximum 
value of all steady-state operating points that are inher- 
ently stable. 

There is a single steady-state stability limit for specified 
circuit, impedance, and internal voltage conditions. It 
follows, therefore, that if the excitation of either or both 
machines is changed so as not to correspond to the internal 
voltages assumed, the stability limit will be correspond- 
ingly changed. Loss of field results, of course, in reducing 
the synchronizing power to zero. The machine that loses 
cheonous machines and operates as an induction machine. 
Whether the system is stable or unstable as a combination 
of synchronous and induction machines is determined in 
part by the characteristics of the duction machines. 


6. Transient-Stability Limit 


Transient stability refers to the amount of power that 
can be transmitted with stability when the system is sub- 
jected to an “aperiodic disturbance.” By aperiodic disturb- 
ance is meant one that does not come with regularity and 
only after intervals such that the system reaches a condi- 
tion of equilibrium between disturbances. The three prin- 
cipal types of transient disturbances that receive consider- 
ation in stability studies, in order of increasing importance, 
are: 

1. Load increases. - 


2. Switching operations. 
3. Faults with subsequent circuit isolation. 


The basic power-angle diagrams give an adequate picture 
of the stability phenomena encountered in each of these 
disturbances. 

Load Increases can result in transient disturbances 
that are important from the stability standpoint if (1) the 
total load exceeds the steady-state stability limit for spe- 
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Fig. 4—Power-angle diagram for analyzing load increases- 
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cific voltage and circuit reactance conditions, or (2) if the 
load increase sets up an oscillation that causes the system 
to swing beyond the critical point from which recovery 
would be impossible, as pointed out previously. Consider 
a system operating under the conditions shown in Fig, 4 
with the load P; at the angle #; and the prime-mover input 
and shaft output abruptly increased to P,. Because of the 
inertia of the rotating machines, the internal voltages of 
the generator and motor do not immediately swing to 6, 
which would permit transfer of power P.. Instead, the 
initial differences of power input and output are used in 
accelerating the generator and in decelerating the motor 
rotating elements. Both of these changes cause the rotors 
to depart from synchronous speed and to increase their 
angular differences. ‘Thus when the system reaches @2, the 
generator is traveling above synchronous speed and the 
motor below synchronous speed. The difference in the 
stored energy cannot instantly be absorbed and as a result 
the system overshoots #2 and reaches some larger angle 
as 93, such that the shaded area ede is equal to the area abe. 
Neglecting losses, these two areas can be taken as equal’. 
The oscillation will not exceed the angle @;, and because 
of losses in an actual system, equilibrium will ultimately be 
reached at 4. In the case illustrated in Fig. 4 the system 
oscillates to the angle 6;, which is greater than 90 degrees 
but is stable because 63 is less than 64, the critical angle for 
the load Ps, With a somewhat larger total load or with a 
greater increment of load, the maximum point reached in 
ithe oscillation would be greater than @; shown in the dia- 
gram. With increasingly severe conditions, a point is 
reached where the critical angle is equaled and this repre- 
sents the transient limit for the load increase. The amount 
of load increase that a system can withstand depends upon 
the steady-state limit of the system and the initial operat- 
ing angle. Figure 5 shows the total permissible sudden 
increase in amount of power that can be absorbed with 
stability, expressed as a percentage of the steady-state 
stability limit of a system without loss and plotted as a 
function of the angle between internal voltages. 
Switching Operations—The transient-stability limits 


ra) 
° 


oa 
(eo) 


o2) 
° 


> 
oO 


Nn 
fe} 


POWER IN PERCENT OF STEADY-STATE LIMIT 


0 20 40 60 80 
INITIAL ANGLE ~DEGREES 


Fig, 5—Permissible load increase vs, initial-angle curve, 
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for switching operations can be investigated in a similar 
manner using the equal-area criteria? that have been ap- 
plied for the determination of the transient limit for load 
increases. In the case of switching operations there are, 
however, two power-angle diagrams that require consider- 
ation: (1) the power-angle diagram for the initial condition, 
(2) the power-angle diagram for the final condition, 
that is, the condition after the switching operation has 
taken place. Figure 6 (a) indicates a system with two lines 
initially in service; Fig. 6 (b) shows two power-angle dia- 
grams, Curve I applying to the initial circuit-condition 
and Curve II applying to final circuit-condition. The 
diagram shows the transmitted power P, the initial operat- 
ing condition at the angle @,; and the power P,, and the 
final operating condition at #2 and Ps. The moment the 
switching operation takes place the electrical output is 
reduced from P, to P’. This change produces an increment 
power of magnitude (P—P’), which is available for ac- 
celerating the generator and decelerating the motor, both 
changes tending to increase the angle between the sending 
and receiving machines. Thus, the two machines depart 
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Fig. 6—Power-angle diagram for analyzing transients due to 
switching operations. 


from synchronous speed, accelerating and decelerating 
forces increasing the angle from 6, to 6:. At this point 
the generator rotor is traveling above synchronous speed 
and the motor rotor below synchronous speed with the 
result that both rotors tend to overshoot 42 and to reach 6,, 
such that the area abc is equal to the area cde. At 45, the 
energy stored above and below synchronous speed has been 
absorbed and since the instantaneous power output of the 
generator and input of the motor are greater than the 
prime-mover input and shaft loads, respectively, restoring 
forces are developed that cause the system to oscillate 
about 6. and reach a condition of equilibrium because of 
losses in a practical system. 

The amount of power transferable without loss of syn- 
chronism depends upon (1) the steady-state stability limit 
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for the condition after the switching operation takes place 
and upon (2) the difference between initial and final steady- 
state operating angles. The stability limits for switching 
operations are lower for the larger amount of the final circuit 
reactance and for the greater percentage change in the 
circuit reactance. 

Faults and Subsequent Circuit Isolations—The 
third and most important type of transient disturbance 
arises from application of faults and the subsequent circuit 
changes required to isolate the fault. For such disturb- 
ances three or more circuit conditions require considera- 
tion: (1) the initial condition, immediately prior to the 
fault, (2) the condition during tne fault, and (3) the condi- 
tion subsequent to the isolation of the fault. Additional 
conditions are required to cover the cases in which the fault 
is isolated in two or more steps, such as would be produced 
by the disconnection of a line section by sequential switch- 
ing. Additional steps would be required to take care of 
the case of a high-speed reclosing breaker, which first dis- 
connects a faulted line and suppresses the arc, and sub- 
sequently restores the line to the original circuit connec- 
tion. However, the procedure to be followed in the more 
complicated cases will become evident from consideration 
of the simpler case. 

Consider a transmission system similar to Fig. 6 (a) but 
with one line subjected to a fault at an intermediate point. 
The power-angle diagram for the case with the two lines 
in service is indicated in Fig. 7 by the Curve I, which 
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Fig. 7—Power-angle diagram for analyzing transient disturb- 
ances due to faults with subsequent circuit isolation. See 
Fig. 6 (a). 


intercepts the line of transmitted power at the angle 6; and 
the power P;. Upon application of the fault the amount of 
power transferable from one end to the other is reduced. 
If the fault were a zero-impedance fault on all lines the 
power transmitted would be reduced to zero. However, if, 
as is usually the case, the fault is not a zero-impedance 
fault on all lines, some power can be transmitted from the 
sending to the receiving ends. This case is assumed in the 
diagram of Fig. 7 and is indicated by the Curve II passing 
through the points 6 and c. The power-angle diagram for 
the final condition with the faulted line switched out of 
service is shown by the Curve III that passes through the 
line of transmitted power at the angle 6; and the power P3. 
Upon application of the fault, the power output of the 
generator and the power input to the motor are reduced 
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from P to P’, the difference in power (P—P’) being ab- 
sorbed in accelerating the generator and decelerating the 
motor. For the severe type of fault shown, the system 
would pull out of step if the fault were not promptly 
cleared. Assume, however, that the fault is cleared by 
the time the system swings to 4. At this point, transfer js 
made to the final circuit condition, Curve IIT. The power- 
angle diagram shows that the power output of the gener- 
ator exceeds the input, with the result that the generator 
rotor is decelerated and that the motor is accelerated. 
However, because of the energy stored in the machine 
rotors above and below synchronous speed the system 
continues to swing to some larger angle, such as 6;’, so 
that the area defg is equal to the area abcd. Thus, 63’ is the 
maximum point reached in the system oscillation using 
the same equal-area criteria discussed in connection with 
other types of transient disturbances. The system oscil- 
lates about the angle 6; and because of losses will ultimately 
come to equilibrium at that angle. 

If the severity of the fault is increased, as indicated by 
the reduction in amount of power that can be transmitted 
during the fault condition, or if the duration of the fault is 
increased as indicated by a larger 9, or if the power-angle 
diagram for the final condition has a lower maximum, the 
largest angle during the system oscillation is increased 
beyond 63’ and under some conditions would reach the 
critical angle 6, for the transmitted power under the final 
circuit condition. When this condition is met the transient- 
stability limit for the condition is said to be reached. 

The nature of transient disturbances incident to faults 
can be examined further in connection with the use of 
quick-reclosing breakers as illustrated in Fig. 8. Two cases 
are considered, namely, a single-circuit cise shown in (a) 
and a double-circuit case shown in (b). In both cases, the 
faulted line is de-energized to suppress the arc in the fault 
and reclosed after an interval for the purpose of insuring 
stability. These switching operations provide a succession 
of power-cireuit, conditions and a corresponding set of 
power-angle diagrams as can be seen by a detailed exam- 
ination of Fig. 8. The conditions necessary for maintaining 
stability are also stated in terms of the stored-energy 
relations as shown by corresponding areas on the power- 
angle diagram. 

No method has been given for the determination of the 
angles, 6. in Fig. 7, or 6 and 6; in Figs. 8 (a) and (b), 
which define the condition for which the fault is removed 
or the circuit switched. From a practical standpoint the 
circuit change is not made in accordance with the angular 
difference between the sending and receiving ends; instead 
it is made as a function of time measured from fault appli- 
cation, the duration being that required for the operation 
of protective relays and circuit breakers. This time can 
be calculated by a step-by-step process to determine the 
changes in accelerating force, the changes in velocity, and 
the changes in angles. Thus, the determination of the 
angle-time relations constitutes one of the important steps 
in transient-stability calcu!ations and will receive consider- 
able attention in subsequent sections. 

For a power system with machines of assumed constant 
internal voltages, with circuits of assumed reactances, and 
with losses neglected, there is only one steady-state limit. 
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Fig. 8—Power-angle diagram for reclosure, 


(a)—Single-circuit case 

Curve I for normal circuit 

Curve II for fault condition (2L—G) 

For stability, areas (1 plus 2) S area 3 
(b)—Two-circuit case 

Curve I for two lines (normal) 

Curve II for one line (normal) 

Curve III for fault (2£—G) 

For stability, area 1 S areas (2 plus 3) 


However, for the transient-stability calculations there are 
many conditions depending upon the character of the 
transient under consideration. For example, for load in- 
creases, the transient-stability limit depends upon the 
Initial load and the increment of load. For the switching 
operation, the transient limit depends upon the stability 
limit for the final circuit condition and upon the initial 
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Fig. 9—The mechanical model (set up for a system with two 
generators and an intermediate synchronous condenser). 


operating angle. The transient limit for the simplest con- 
dition involving a fault on a system with subsequent circuit 
tsolation depends upon the initial operating angle, the 
severity of the fault and its duration, and the stability limit 
for the system after the fault is cleared. It becomes necessary, 
therefore, when giving a transient-stability limit of a system 
to define the conditions under which the limit applies. 


7, The Mechanical Analogy of a Power-Transmis- 
sion System 


The definitions of stability given in Sec. 3 and the sub- 
sequent discussions have been given in terms of equilib- 
rium of the power-transmission system. Equilibrium phe- 
nomena are ordinarily visualized in terms of a static system 
in mechanics. However, the discussion of the familiar 
static systems cannot directly be applied to the compli- 
cated electro-mechanical system employed in power trans- 
mission. Furthermore, the actual system involves dynamic 
rather than static equilibrium. To circumvent this diff- 
culty a mechanical analogy, which has properties corre- 
sponding to the actual dynamic electro-mechanical system, 
has been devised. 

The most convenient means of visualizing the basic phe- 
nomena of a power-transmission system is the mechanical 
analogy developed by 8. B. Griscom® and shown in Figs. 9 
and 10. The mechanical analogy or mechanical model, as 
the device is more commonly called, consists essentially of 
two rotatable units mounted on a common shaft and pro- 
vided with lever arms, which are connected at their outer 
ends by a spring. One of these rotatable elements is desig- 
nated as the generator element and the other as the motor 
element. Each of these elements is provided with means 
for applying torque in such a way as to stretch the spring 
connecting the lever arms. 
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Fig. 10—-The mechanical analogy for power-system stability. 


Mechanical Model Power-Transmission System 


1. Radial distance from pivot to 
any point on spring. 

2. Length of spring. 

3. Tension of spring, propor- 
tional to its length. 

4. Torque of either arm=prod- 
uct of the length of the arm 
and component of spring ten- 
sion perpendicular to arm. 

5. Product of the length of the 
arm and component of spring 
tension along the radius at 
any point. 

6. Angle between any two points 
on the spring. 


Line voltage at corresponding 
point. 

Line reactance drop. 

Line current. 


Active power. 


Reactive power. 


Phase displacement of voltages 
at the corresponding points of 
the system. 


The correspondence between the various mechanical and 
electrical factors of the mechanical model and the power- 
transmission system is shown in connection with Fig. 10. 
The mechanical model is stationary for the normal syn- 
chronous frequency, and the power-flow relations are rep- 
resented by torques. Movement of the model corresponds 
to oscillations of the power system with respect to normal 
synchronous speed. Thus, the model shows only the 
changes in movement that are significant from the stand- 
point of stability. The mechanical model has a power limit 
occurring at an angle of 90 degrees between the lever arms 
of a two-machine system. The model is also proportioned 
so as to Simulate transient conditions as well as steady-load 
conditions. The mechanical model can be extended by the 
addition of rotatable elements and additional springs so 
as to simulate complicated power systems. For example, 
a transmission system with an intermediate synchronous 
condenser can be represented by the aid of the third ele- 
ment of Fig. 9 with the addition of a spring from the lever 
arm of the third element to the appropriate point on 
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the spring connection between the other two rotatable 
elements. 

The mechanical model has been-used for the calculation 
of actual stability problems but the a-c network calculator 
method is more convenient. Thus, the mechanical model 
is now employed in its original function of providing the 
best qualitative method of visualizing the essential phe- 
nomena in the power-system stability problem. Sufficient 
information has been given to enable one mentally to set 
up the mechanical model for the corresponding system 
condition and to study its performance for various steady- 
state and transient conditions. While an actual model ig 
of considerable assistance, the mechanical analogy is useful 
even though no model is available. It is suggested that 
the mechanical analogy should be considered in connection 
with the entire discussion of this chapter, particularly in 
connection with multi-machine problems, such as those 
involving an intermediate synchronous condenser, since 
it frequently happens that some particular point is more 
readily grasped from the consideration of the model than 
of the actual system. 


II. REPRESENTATION OF SYSTEM FOR 
STABILITY CALCULATIONS 


In discussing methods for calculating stability, it is 
convenient to consider first the case involving two syn- 
chronous machines, and, subsequently, those involving 
three or more machines. In the previous part the stability 
phenomena were discussed in terms of the two-machine 
system reduced to its elements with the electrical system 
represented by two internal voltages and one reactance 
between them. In practical systems, even’ for the two- 
machine case, it is necessary to consider other factors, 
such as: 


1. Representation of system-impedance elements. 
a. Series branches with resistance. 
b. Shunt branches. 
1. Shunt capacitance. 
2. Shunt loads. 
3. Faults. 
2. Initial operating conditions. 
3. Representation of machines including the effects of regu- 
lators and exciters. 


8. Representation of System-Impedance Elements 


A typical layout for a two-machine transmission system 
is shown in Fig. 11. This system is assumed to have series 
resistances, shunt capacitances, shunt loads, maintained 
voltages at sending and receiving buses, and to be sub- 
jected to an unbalanced fault at point F on line 2, which 
is subsequently disconnected to isolate the fault. 

In a practical system it is frequently necessary to con- 
sider the effect of resistance and of shunt capacitance, 
since these are always present in transmission lines. Since 
voltage is normally maintained on the sending and receiv- 
ing buses, it is convenient to obtain the equivalent con- 
stants for the intervening part of the system. This can be 
done by the use of the generalized equivalent + network 
or the general circuit constants for the transmission line 38 
described in Chaps. 9 and 10. In either case, it is possible 
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Fig. 11—Typical two-machine stability problem. 
lvotation: See Fig. 1; also the following: 
T.—Step-up transformer. 
T'sa—Step-down transformer. 
T.L#1, T.L.42—Transmission lines. 
Bs, By—Breakers. 
F—Fault. 
LE, E,—Voltages at regulated buses, 
L—Shunt load. 


to derive power-circle diagrams and power-angle diagrams 
on the basis of the network intervening between buses, 
which have maintained voltages #, and Z,. When loss is 
taken into account there is a difference between the sending 
and receiving power, as can be seen from Fig. 14. For this 
reason, power-angle relations for the two ends are no longer 
identical as assumed in Sec. 3. The method of taking this 
fact into account will be discussed subsequently in Sec. 23, 
Step-by-Step Procedure. 

When loss or intermediate loads are present in a power 
transmission system, the maximum amounts of power at 
the sending and receiving ends occur at different angular 
displacements. If under steady-state conditions the prime- 
mover input corresponds to maximum input to the motor, 
two interesting phenomena occur if the shaft load is slightly 
increased. The motor slows down in any event, but the 
generator (1) may pull out of step with the motor and 
overspeed or (2) may stay in synchronism with the motor 
and slow down with it, depending upon the relative inertias 
of generator and motor. These phenomena, while of con- 
siderable theoretical interest*, are of little practical inter- 
cst, except as indicative of margins, because the important 
load condition corresponds to the maximum delivered 
power and that is not dependent upon the relative inertia 
characteristics. 


9. Representation of Shunt Loads 


On a system that contains only two large synchronous 
machines requiring individual consideration, the various 
other loads may have different characteristics from the 
standpoint of changes in real and reactive components 
With change in voltage. It is usually permissible to assume 
for small synchronous motors and induction motors that 
the kilowatt load is independent of the voltage. Synchro- 
Nous-converter load is assumed to vary in proportion to 
the square of the voltage. Lighting load is often assumed 
to vary as the square of the voltage, but it is more accurate 
to assume that the change is according to the 1.8 power 
of the voltage ratio®. The changes in reactive kva with 
Voltage are widely different for these different typical 
loads, as shown in Fig. 12. 

From a practical standpoint, it is not feasible to consider 


“For further study of these phenomena see Reference 10 or 36. 


Power-System Stability Basic Elements of Theory and Application 


Ho 


VOLTAGE IN PERCENT 
wo 
oO 


100 75 50 25 0 
LEAD 


25 50 75 
REACTIVE KVA IN PERCENT 


100 125 150 175 200 
LAG 


Fig. 12—Reactive Kva-Voltage characteristics of typical loads. 


Curve Description Reactive Kva Base 
A 100-kva synchronous motor 60 kva 
80 percent power-factor 
B 100-kva synchronous motor 100 kva 
100 percent power-factor 
C 15-hp induction motor, 80 percent 5 kva 
load, 90 percent power-factor 
D 1000-kw synchronous converter 1000 kva 
E Transformer magnetizing Value at 100 per- 
kva cent voltage 


a large number of small shunt loads; instead, it is permis- 
sible to use a single composite load curve. To determine 
such a load characteristic an effort should be made to 
obtain the segregation of the principal types of load carried 
by the system under the conditions for which the stability 
characteristics are to be investigated. Table 1 gives a 
typical segregation of peak loads. 


TABLE 1—SEGREGATION OF TYPICAL SHUNT LOADS 


Induction Motor................... 60% 
Synchronous Motor................ 10% 
100% Power-Factor......... 5% 
80% Power-Factor.......... 5% 
Synchronous Converter............. 5% 


Lighting and Heating.............. 


By combining the real and reactive components of loads 
from segregations similar to that of Table 1 and with 
reactive kva variations similar to those of Fig. 12, it is 
possible to arrive at a composite load characteristic curve, 
such as shown in Fig. 13, which includes 15 percent exciting 
kva. This figure shows the variations in both the real and 
reactive components of load with change in voltage using 
the real component at normal voltage as reference. The 
dotted curve of Fig. 13 shows the variation for a constant 
shunt-impedance load. Figure 13 also shows points on the 
power-voltage and reactive kva-voltage curves for 100 per- 
cent and 90 percent voltage obtained from tests on the 
Brooklyn Edison Company’s system}. These tests showed 
for a 10 percent reduction in voltage that the power was 
reduced to 87 percent and the reactive kva to 80.6 percent 
of the corresponding values at normal voltage. These are 


{System Load Swings, by Bauman, Manz, McCormack, and 
Seeley, AIEE T'ransactions, Vol. 60, 1941, p. 541, Disc., p. 735. 
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Fig. 13—-Variation of composite load with voltage. 
——Composite load based on Fig. 12. 
----- Constant impedance. 
o—---—o (Bauman, Manz, McCormack and Seeley.) Normal 
kilowatts equal 100 percent. 


to be compared with 81 percent, which would be obtained 
with a constant-impedance load of the corresponding power 
factor. The variations in load voltages usually are not 
great because they are maintained by local generators and 
synchronous condensers equipped with voltage regulators. 
This fact permits the relatively crude approximation of 
constant-impedance loads to give satisfactory results for 
the majority of cases. 


10. Representation of Faults 


In this discussion of stability, symmetrical systems only 
have received consideration. However, the majority of 
faults on power systems are not balanced three phase. As 
a consequence, the individual phase voltages are consider- 
ably unbalanced, and the voltage of neither the faulted 
nor unfaulted phase (or phases) is a measure of the voltage 
available for through power transmission. Instead, the 
positive-sequence voltage is the representative quantity. 

In Fig. 21 of Chap. 2, interconnections between the se- 
quence networks are given for various types of faults at 
a single location. When the sequence networks, as viewed 
from the point of fault, are thus interconnected to represent 
a particular type of fault, correct positive-sequence volt- 
ages and currents will exist at all points in the positive- 
sequence network (the original balanced network). Since 
only the positive-sequence quantities are to be used, all of 
the interconnected network except the positive-sequence 
network can be reduced to a single impedance*, which 
simplifies calculations. This impedance is, as the above 
discussion shows, a function of the negative- and zero- 
sequence impedances as measured from the point of fault, 
and varies with the type of fault. Thus, for a single line- 
to-ground fault this impedance is (Z2+Zo) connected from 
the point of fault to the neutral of the system; and for a 
a ), that is, Z2, and 


Z2+Zo 


double line-to-ground fault, it is ( 


*Appendix III of Reference 5 and Reference 27. 
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Zo in parallel, connected from the point of fault to the 
neutral. Thus the stability problem involving an yp. 
balanced fault at a single location is reduced to one involy. 
ing an equivalent three-phase symmetrical system. The 
original balanced network gives the desired positive. 
sequence quantities at all points when this equivalent 
impedance is connected to itf. 

The physical interpretation of this method of handling 
unbalanced faults is helpfulf. The power and reactive kvg 
consumed in the negative- and zero-sequence networks are 
generated in the machines as positive-sequence quantities 
and are transmitted through the system to the fault loca- 
tion. There these quantities are converted by the asym- 
metry of the fault to negative- and zero-sequence quanti- 
ties which are fed back into the system and consumed ag 
RJ? and XJ? for negative- and zero-sequence except for 
the effect produced by negative-sequence torques in ma- 
chines. As pointed out in Chap. 6, the negative-sequence 
input to the rotor of a machine is consumed half in R./,? 
losses and half in negative-sequence torques. These 
torques tend to drive the machine in a direction opposite 
to that of its normal rotation. The accurate method of 
considering this effect is, of course, to modify appropriately 
the mechanical input to the machine. The negative- 
sequence resistance for typical machines is given in Table 
4 of Chap. 6. 


11. Determination of Initial Operating Conditions 


Frequently in stability studies only part of the initial 
operating conditions are defined or are known. Conse- 
quently, to determine the initial conditions, calculations 
and frequently additional assumptions are necessary. 
Usually the delivered power and maintained voltages at 
sending and receiving buses are known. Ip addition, the 
characteristics of the transmission line, step-up and step- 
down transformers are known, although sometimes the kva 
capacity of the latter must be adjusted. For the deter- 
mination of the initial operating conditions the use of the 
power-circle diagram is frequently advantageous because 
the bus voltages are usually known or can be assumed 
since they are subjected to relatively narrow variations. 
A particular method of using the power-circle diagram to 
assist in the determination of the initial operating con- 
ditions will now be described in connection with the system 
outlined in Fig. 11. The operating conditions of that part © 
of the transmission system, including step-up and step- 
down transformers, between the sending and receiving 
buses whose voltages E, and #, are maintained, can con- 
veniently be shown by the power-circle diagram of Fig. 14. 
The center of the receiving circle for the transmission line 
with transformers is plotted at the point C, and of the 
sending-end circle at the point C,. The positions of the 


{This method is actually applicable to all types of unbalance, 43 
including open conductors and multiple faults at separate locations. % 
For example, for the case of two conductors open, the equivalent : 
impedance is the sum of the negative- and zero-sequence imped- 
ances as viewed from across the open, connected across the open of 3 
the positive-sequence network, i.e., an impedance between two %@ 
points of the positive-sequence network. Referring to Chap. 2, Fig: ¥ 
21 (p), impedances (X; to Y2) plus (Xo to Yo) connected from X; to Y1- a 

fPage 324 of Reference 27. = 
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Fig. 14—Diagram illustrating the use of power-circle diagrams 
to determine initial conditions of internal voltages and overall 
angles on a system with maintained terminal voltages. 


radii of these circles for zero difference in phase position 
between sending and receiving voltages are shown as the 
reference position for the angle 6. For a typical operating 
condition the receiver load is represented by a point in the 
receiver circle at r and at the angle @ with respect to the 
zero position of the radius vector. The corresponding 
sending-end power and reactive-kva quantities are shown 
at the point s also at the angle @ with respect to the zero 
position of the radius vector for the sending-end circle. 
The output of the synchronous generator supplying the 
transmission line is completely defined by the real and 
reactive kva and terminal voltage. If the equivalent re- 
actance of the generator is known, the internal voltage can 
readily be computed from the terminal conditions in the 
usual manner. It is a simpler matter usually to plot parts 
of another circle diagram for the synchronous generator 
considering it as a reactance line for which the receiver 
Conditions are completely defined. Ordinarily, the resist- 
ance loss is negligible in comparison with the reactive kva 
with the result that the center of the generator circle 
diagram is located on the Y-axis. The center of the re- 
Celver circle for the generator is located at the point g, 
Which is numerically equal to the generator short-circuit 
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kva computed on the basis of the terminal voltage and 
equivalent machine reactance. The internal voltage in 
magnitude and phase position becomes immediately avail- 
able from the circle diagram, since the receiver conditions 
for the generator must equal the sending-end conditions 
for the line. The phase position is given by the angle @, 
measured between the radius g-s and the line of centers 
g-o. Since terminal conditions at s must be satisfied, the 
magnitude of the internal voltage of the generator is given 
by the relation: 


= distance g toss 
= ~___—_— fy, 3 
* distance g to 0 3) 


Similarly, the internal voltage of the synchronous motor 
can be obtained from its real and reactive-kva input and 
its terminal voltage. The center of the sending circle for 
the motor is located at the point m. The phase position of 
the internal voltage with respect to the terminal voltage 
is given by the angle 6,. The magnitude of the internal 
voltage of the motor is: 


— distance m tor= 
a = sO? 4 
distance m to 0 (4) 


The effect of shunt load, such as shown at the receiver 
bus in Fig. 11, can be taken into account in several ways. 
For example, the shunt load can be added to the trans- 
mission system and considered as a part of it. Another 
method is to subtract the shunt load from the receiver, 
which assumption would modify the input to the syn- 
chronous motor by the amount shown graphically by 
changing the load point from r to 7. The effect of this 
shunt load on the magnitude and phase position of the 
internal voltage of the motor can readily be computed 
for the load at 7, in a manner similar to that previously 
described for the load at r. 

The method of using the circle diagrams illustrated in 
Fig. 14 provides a convenient method of obtaining the 
internal voltages of machines both in magnitude and phase 
position. The total difference in angle between these volt- 
ages is, of course, equal to the sum of the machine and line 
angles, that is, the sum of 8,, 0 and 6. This method of 
using the power-circle diagram is particularly applicable 
for those problems in which the voltages are maintained at 
sending or receiving buses or at other points in the system 
through the use of voltage compensators. 


12. Representation of Machines 


Previously, it has been indicated that a synchronous ma- 
chine can be represented in stability studies by an appro- 
priate reactance and a corresponding internal voltage. 
Two reactances are commonly used, viz.: 


1. An equivalent synchronous reactance for steady-state sta~ 
bility. 
2. Transient reactance for transient stability. 


The internal voltages associated with these reactances are 
determined from the terminal voltage and the voltage drop 
due to the load currents flowing through the machine re- 
actance. 

In the case of steady-state stability, the value used for 
the equivalent synchronous reactance depends upon the 
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method of calculation being used. This is discussed in de- 
tail in Sec. 14 where methods of steady-state stability cal- 
culation are described. 

In transient-stability studies, the internal voltage is the 
vector sum of the terminal voltage and the transient-re- 
actance voltage drop due to the load currents just prior to 
the disturbance. 


lil. STEADY-STATE STABILITY 
CALCULATIONS 


In this part the general problem of steady-state stabil- 
ity calculation is discussed in detail and specific examples 
given to illustrate each method of calculation. Particular 
attention is given the problem of calculating the power 
limit of the synchronous generator connected to a system. 
The power limit in this case is commonly called the “pull- 
out power” or the “pull-out torque.” 

The pull-out power as discussed herein refers to a steady- 
state stability condition, which is initially of a transient 
character but must be endured long enough to bring it into 
the classification of steady-state stability. Tripping of a 
loaded generator, loss or reduction of the excitation of a 
generator, or the tripping of a tie line supplying power to 
the system illustrate that pull-out power or maximum 
power output of the generators involved isimportant. The 
pull-out power of a generator is calculated from the inher- 
ent characteristics of the generator, which are governed by 
such factors as air-gap length, demagnetizing effect of the 
stator on the rotor, degree of saturation, reactance, and 
short-circuit ratio. For modern machines if the short-cir- 
cuit ratio is specified, the other factors usually have a fairly 
definite range of values, so that short-circuit ratio is the 
best single index of inherent steady-state stability of a gen- 
erator. 

The power equations in the following sections are written 
an terms of single-phase quantities. Thus, when the voltages 
are written as line-to-neutral volts and the reactances as ohms 
per phase, the power obtained from the equations is single- 
phase power. It should, of course, be multiplied by three to 
obtain the three-phase power. If all line-to-neutral voltages 
are multiplied by »/3 and expressed as line-to-line volts, the 
equations give three-phase power directly. The equations can 
be used without alteration when the work is done using 
per-unit values. 


13. Effect of Saliency on Steady-State Stability 


The steady-state performance of a system containing 
unsaturated salient-pole machines can be calculated by the 
two-reaction method discussed in Chap. 6, particularly in 
connection with Figs. 12, 14, and 15. These diagrams are 
similar to that of Fig. 15 of this chapter, except that the 
notation has been changed from machine form to circuit 
form. For this diagram the relations of voltage and cur- 
rent in terms of the machine angles were previously de- 
rived or may be written by inspection as follows: 


Ey=E, cos 6+2zal sin (0+¢) (5) 
0=—E;, sin 0+2,1 cos (06+¢) (6) 
> _Ha-E, cos 6 
5, sin 0+) y 
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Fig.15— Vector diagram for salient-pole synchronous machine 
based on two-reaction method. 


E,—Terminal voltage (phase-to-neutral—rms). 
E y—Excitation voltage due to flux in direct axis. 
J—Armature current (line-rms). 
6—Displacement angle. 
¢—Power-factor angle. 


= FE, sin 6 g 
~ Lq cos (@+¢) (8) 


where vq and xq are direct- and quadrature-axis synchro- 
nous reactances. Equation (5) is based on the relations in 
the quadrature axis for which excitation voltage Eq is pro- 
vided by flux in the direct axis. Equation (6) is based on 
the relation in the direct axis for which there is no excita- 
tion voltage, as is almost invariably the case. The cor- 
responding current equations are given by (7) and (8). 
The expression for three-phase power in terms of terminal 
and excitation voltages can be obtained by eliminating J 
and ¢@ from Eas. (5), (6), and (8) with the result 
E Ea Ei(ta—4a) . 


P=3——sin 64+3———“sin 26 
La 220 qXq 


by! 


which becomes 


Ti2 
Ei(a- 2a) 99 (9) 


poeta oe 
Za Calg 

when the voltages are expressed as line-to-line voltages. 
All voltages are line-to-line values in the remainder of this 
section. The power limit for a single salient-pole ma- 
chine connected to an infinite bus of maintained voltage 
E, can be obtained directly from Eq. (9). Ina salient-pole 
machine the steady-state power limit is reached at an an- 
gle considerably less than 90 degrees. For the non-salient . 
pole machine the quadrature-axis reactance rq is equal to ~ 
the direct-axis reactance zy, which relation reduces the ~ 
maximum power from Kq. (9) to the familiar form pre- 
viously derived for the transmission line and given 10 = 
Bq. (2). “si 
(10) 


Xa 


With two identical salient-pole synchronous machines at 
equal excitation, one acting as a generator, and the other 
as a motor, the terminal voltages and currents are 10 
phase causing the angle ¢ to be zero. The power relation ¥ 
for this condition can be stated in terms of the terminal @ ; 
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voltage as given in Eq. (11) or in terms of the excitation 
voltage as given by Eq. (12). 


pa" tan 6 (11) 
Xq 
Le 
pe Ey sin = (12) 
ra( cos? ed sin? i) 


The maximum power that can be delivered by a system 
consisting of two identical salient-pole machines directly 
connected and operating at equal excitation is obtained 
from Eq. (13). 

R 
P=-F (6, Za, Lq) (13) 
for which the value of the function F (8, ra, Xq) is plotted 
,in ig. 16. As a matter of interest the total angle between 
synchronous machine rotors, 26, at the point of pull-out is 


F(8,Xq,Xq) 
SALIENCY CORRECTION 


OISPLACEMENT 


DISPLACEMENT ANGLE 26-DEGREES 


RATIO OF POWER LIMITS—CORRECTION FOR SALIENCY 


Fig. 16—Effect of saliency on power limit and total displace- 

ment angle for two identical machines operating at equal 

fixed excitation adjusted to maintain constant terminal volt- 

age. Saliency effect plotted as ratio of power limit for various 
ratios *4/*q to values based on «xq alone. 


also plotted in this figure. It will be noted that for 
T,=2a, Eq. (13) is identical in form with that previously 
derived for the steady-state stability limit and that the 
Maximum power occurs at an angle of 90 degrees between 
the two machines and with an internal voltage equal to /2 
times the terminal voltage. By using the internal voltages 
and the total reactance the same power expression would 
be obtained as previously given in terms of terminal volt- 
age and the reactance of a single machine. Figure 16 is also 
useful as indicating the correction in the stability limit, 
which must be made because of the effect of saliency. 


Example 1. Two salient-pole machines directly connected, 
three-phase, 2200 volt, 210 kva, operated at 1150 volts to 
avoid effects of saturation, with reactances of x4=31.4 ohms, 
X,=8.83 ohms. The stability limit as determined from the 
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Fig. 17—Effect of machine reactance on power limits of trans- 

mission system with identical machines and fixed excitation. 

Curves plotted in terms of the reactance xq and xq of each 
machine and X, of one-half of line. 


terminal voltage and the direct-axis synchronous reactance 
only, using Eq. 13 with xq=Xa, gives 42.3 kw. Using the cor- 
rection factor obtained from Fig. 16, the stability limit con- 
sidering the effect of saliency was calculated to be 52 kw. 
Actual tests made on these machines gave 52 kw. 


The effect of saliency on the power limit of a transmis- 
sion system is illustrated in Fig. 17. In this case the trans- 
mission system is assumed to consist of two identical ma- 
chines, one operating as a generator and the other as a 
motor, with equal fixed excitation adjusted to maintain 
100 percent terminal voltages as indicated in the insert of 
the figure. The power limits for such a system can con- 
veniently be expressed in terms of the limit of the line 
alone. In Fig. 17 the solid-line curve is plotted for non- 
salient pole machines, i.e., with z,=2a; the dotted-line 
curve is plotted for a salient-pole machine for the rela- 
tively large ratio of xa/z, equal to four. The effect of 
saliency is small even for a ratio of ta/xq as high as four. 
For ratios of 4/%q between one and four the values will lie 
relatively close to the solid-line curve as the curve for 
saliency correction given in Fig. 16 suggests. 

The foregoing discussion has presented sufficient for- 
mulas to permit the analysis of the difference in stability 
limits resulting from the saliency effect obtained by the 
two-reaction method in comparison with the results ob- 
tained by using the direct-axis reactance only. The re- 
actances of synchronous machines given in Table 4 of 
Chap. 6 show that the ratio of ra/xq varies from one to an 
upper limit of approximately four. Under practical oper- 
ating conditions this ratio is greatly reduced because of 
the effects of saturation. Furthermore, the power systems 
for which the steady-state stability limits are important 
almost invariably involve circuit elements that introduce 
impedance between the machines and which result in an 
important reduction in the effective ratio of the direct- and 
quadrature-axis reactances. 
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14. Effect of Saturation on Steady-State Stability 

The effect of saturation on the equivalent synchronous 
reactance and corresponding internal voltage of synchro- 
nous machines is generally much more important than that 
of saliency. These effects from the stability standpoint are 
determined from the terminal voltage, power and reactive 
kva output, and the excitation characteristics of the ma- 
chines as determined by test, or by recognized methods of 
calculating the regulation of synchronous machines as de- 
scribed in Chap. 6. 

There are several methods of including the effects of 
saturation in the determination of pull-out power of a gen- 
erator. The most accurate of these uses the voltage behind 
Potier reactance, F,, to adjust the saturation of the ma- 


INFINITE 
INERTIA 
SYSTEM 


(3) 


Fig. 18—Vector diagrams for initial-load and pull-out condi- 
tions. 


(a)—Equivalent representation of generator and external system. 

(b)—Vector diagram of system with generator loaded with rated 
kilowatts, power factor and voltage. 

(c)—Vector diagram at pull out with @ increased to 90 degrees and 
E, and E, equal to initial-load values in (b). 
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chine at the pull-out point. This method of solution is de. 
scribed below along with some simplified methods of caley- 
lation. The results obtained by using the various methodg 
are compared over a range of conditions to illustrate thoge 
cases where the simplified methods can be used with ae. 
ceptable accuracy. 

Potier Voltage Method—This method is best under. 
stood if the analysis is considered on the basis of the two 
existing operating conditions: the initial operating condi- 
tion, and the pull-out operating condition. In Fig. 18 (a) 


aK 
¥ 
%y 
ss 
we 
; 


is illustrated a generator G connected through its own re. ~ 


actance z, to a terminal bus, which in turn is connected to 
an assumed infinite bus in the system through the equiva- 
lent external reactance x,. The reactance x, is the react- 
ance of the system between the generator terminals and 
the infinite bus reduced to a single equivalent reactance. 


The internal voltage of the generator is represented by 


Bint. 

The vector diagram for the system during the initial op- 
erating conditions prior to pull out is given in Fig. 18 (b), 
It is necessary, of course, to express all vector quantities on 
a common base, and the most convenient method of doing 
so is to use the per-unit system with the generator rating ag 
a base. This is equivalent to referring to all voltages in 
terms of the generator field excitation required to produce 
them. The generator rated voltage, current, and kva are 
used for the base in expressing the voltages, currents, and 
reactances, respectively, as per-unit quantities. On this 
basis, 1.0 per-unit power converted to kilowatts is equal to 
the generator kva rating. 

Referring to Fig. 18 (b), the following equations can be 
written. The infinite bus voltage Z, is the generator ter- 
minal voltage minus the drop through the external react- 
ance, 


E,=H,—Iz. (14) 


The voltage behind Potier reactance E, is equal to the ter- 
minal voltage plus the Potier reactance drop, 


PSR bie, (15) 


The internal voltage Hint of the generator is equal to the 
terminal voltage plus the drop through the generator un- 
saturated synchronous reactance, 


Bin = E,+I2 (16) 


The saturation curve of the generator is shown in Fig. 19 
plotted in per unit. Rated generator voltage is used as 1.0 
per-unit voltage, and the field current necessary to produce 
rated voltage on the air-gap line is 1.0 per-unit field cur- 
rent. The saturation S is the difference between the ex- 
citation required to produce E, on the no-load saturation 
curve and the excitation required to produce EF’, on the air- 


gap line. The excitation voltage Fy, which is equivalent to 
the total field current under the initial load condition, 1S * 


the internal voltage plus the saturation, 
E, = Eine +8 


bus is 


(17) 3 


3 
The power transferred from the generator to the infinite J 


(18) . 
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Fig. 19—Saturation curve of 60 000-kilowatt, 13 800-volt, 0.85- 
power factor generator used in the example of steady-state 
stability calculations. 


where 


2,= 24, the generator unsaturated synchronous react- 
ance. 


6= Angle between #, and Eijnt. 


The generator power output is, of course, also found from 
the equation 


P=E\I cos @ (19) 

Under the hypothesis of constant excitation in the tran- 
sition from the initial load condition to the pull-out condi- 
tion, the excitation voltage £, remains constant. The in- 
finite bus voltage #, is also assumed to remain constant, so 
that these two voltages and the reactances 2g, Zp, and x, and 
the angle 6 are the only quantities known at the time of 
pull out, and the internal voltage at pull out Z’ int must be 
determined. 

The vector diagram of the system at the time of maxi- 
mum power transfer is given in Fig. 18 (c). The excitation 
voltage Ex is used as the reference vector and is equal in 
Magnitude to the value calculated for the initial load con- 
dition. The angle @ is 90 degrees, so the infinite bus voltage 
E, lags E, by that angle. Expressions for the remainder 
of the vector diagram are 


BE! im =Ex—S! 
I’ (tat2.) =E’ in —E 


(20) 
(21) 
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| Ela—E; 
case a) 
E/=E,+I'2, (23) 
E,! =E.+I'(x2e+2p) (24) 


A method of successive approximations must be used to 
determine the value of 8’ which leads to the correct solu- 
tion of the vector diagram. First, a value is assumed for S’ 
and Eqs. (20), (21), (22), and (24) are used to calculate 
E,’. The actual value of S’ is found from the saturation 
curve at a voltage equal to H,’ and is compared with the 
assumed value. The assumed value is then adjusted until 
the actual value found by repeating the calculation of EF,’ 
is equal to the assumed value. Usually, two approxima- 
tions yield a sufficiently accurate answer. When the cor- 
rect values of S’ and E’;,, are found, the pull-out power 
can be calculated by 

Pos a EH inth 


LatLe 2) 


or 
Pax =E/T' cos ¢' (26) 
The application of the Potier voltage method is illus- 
trated with an example in which G in Fig. 18 (a) is a 
60 000-kw, 70 588-kva, 13 800-volts, 0.85-power factor, 
hydrogen-cooled turbine generator. The saturation curve 
of the generator is shown in Fig. 19. The equivalent sys- 
tem reactance 2, is 0.25 per unit on the generator rating of 
70 588 kva. During the initial load conditions, the gen- 
erator is assumed to be carrying 60 000 kw at 0.85 lagging 
power factor with its terminal voltage £, maintained at 
rated value. The initial load data can be written as fol- 
lows, using the generator rating as a base: 


E,=13 800 volts =1.0+70.0=1.0 /0° per unit. 
kw output = 60 000 kw =0.85 per unit. 

kva output =70 588 kva=1.0 per unit. 

I =0.85—j0.527 =1.0 /—31.8° per unit. 
$=31.8°. 

2-=0.25 per unit. 


The required generator constants can be determined 
from the saturation curve: 


tg=— = ——— = 1.30 per unit 


where 


Its; = Field current required to produce rated arma- 
ture current with a three-phase short circuit at 
the generator terminals. 

Itg= Field current required to produce rated voltage 
on the air-gap line. 


The Potier reactance x, is determined from the Potier volt- 
age triangle as shown in Fig. 19 and is 


Lp=0.11 per unit. 


Referring to the vector diagram in Fig. 18 (b) and using 
Eqs. (14), (15), and (16), 
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E,= (1.0+ 0.0) — (0.85 —70.527) (70.25) 
= 0.8682 —j0.2125 =0.894 /-13.77° 
13.77° 
(1.0+30.0) + (0.85 —J0.527) (j0.11) 
1.058 +-70.0935 = 1.062 /5.06° 
Eine = (1.0+90.0) + (0.85 —J0.527) (71.30) 

= 1.685+ 71.105 = 2.015 /33.25° 
0 —-y =33.25° 

0 = 33.25°+ 13.77° = 47.02° 


From the saturation curve at a voltage equal to E,= 
1.062 per unit, the saturation S is 0.254 per unit, and from 
Eq. (17) 

E. = 2.015-+0.254 = 2.269 


The above results can be used in Eq. (18) as a check to de- 
termine the accuracy of the calculations thus far: 
(2.015)(0.894) | 
Pe eee in. 4702 
1.304095 sin 47.02 
=0.8504 per unit. 


The vector diagram for the pull-out condition is shown 
in Fig. 18 (c), and using Ey as a reference, the following 
quantities are known: 

Ex = 2.269 /0° =2.269-+30.0 
E,=0.894 /—90°=0.0 -j0.894 
6=90° 


Examination of the vector diagram reveals that. E,’ can be 
estimated by drawing the line AB, assuming S’ equal to 
zero, 1.€., E’ing=Ex. The location of point C can be found 
from 


Y 
E, 


Nou ut 


Let os 
AC= (AB) 
The vector OC is equal to Z,’, the voltage behind Potier 
reactance, and can be used to determine a value for the 
first approximation of 8’. Following this procedure, S’ is 
assumed to be 0.10 per unit. From Eqs. (20), (21), (22) 
and (24), 
EB’ int = (2.269-+ 70.0) —0.10 
= 2.169+70.0=2.169 /0° 
I'(tat-xe) = 2.169-+ 0.894 = 2.347 /22.4° 
y= 2:169+j0.894 
j1.80+ 70.25 
=0.577 —71.400 =1.514 / ~67.6° 
E,’ = (0.0—j0.894) + (0.577 —71.400) (j0.36) 
= 0.504 — 70.686 =0.852 /—53.73° 


From the saturation curve at E,’=0.852 per unit, S’= 
0.057 per unit which shows that the first approximation 
was too high. A lower value, therefore, should be assumed 
for the second approximation, but observe that decreasing 
the value of S’ slightly increases the value of E,’. Thus, 
S’ is assumed as 0.06 per unit for the second approxima- 
tion. 

Ent = 2.209-+50.0 = 2.20 /0° 
I’ (tate) = 2.209+ 50.894 = 2.385 /22.0° 
I’ =0.577 —j1.425 = 1.538 /—68.0° 
E,’ =0.513 —j0.686 =0.857 /—53.2° 
S’ (from saturation curve) =0.06 
E/ = (0.0+ 70.894) + (0.577 —j1.425) (j0.25) 
= 0.356 —j0.750=0.830 /—64.6° 
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The pull-out power for the assumed conditions is found 
from Eq. (25) 


(2.209) (0.894) 


Prax = 1.30-+0.25 


= 1.274 per unit 


or from Eq. (26) where 


’ =68.0° — 64.6° = 3.40° 
Prax = (0.830) (1.538) cos 3.40°= 1.274 per unit 


The pull-out power in kilowatts is 
Prax = (1.274) (70 588) =89 930 kw. 


Many different initial operating conditions might be 
used to represent the system in a practical calculation. Ip 
the above example, where the generator terminal voltage 
was assumed as 1.0 and the kw load as 0.85, the margin ob- 
tained between the operating condition and the pull-out 
condition was 1.274 —0.85 or 0.424 per unit which is equiv- 
alent to 29930 kw. The generator kw load, therefore, could 
be increased approximately 50 percent before the machine 
would pull out of step with the system. There may be 
other considerations such as turbine capability or generator 
heating that limit the load to some value below the maxi- 
mum permissible power from the stability standpoint. If 
other initial operating conditions are assumed, the excita- 
tion voltage is, of course, changed, and the pull-out power 
differs from that obtained in the above example. 

Synchronous Reactance Method—In this simpli- 
fied method of steady-state stability calculation, the gen- 
erator is represented by a reactance equal to the unsatu- 
rated synchronous reactance, ta, and an internal voltage 
equal to the voltage behind unsaturated synchronous re- 
actance, as determined by the initial load conditions. This 
voltage, Hu, is the same as Ein, determined in Eq. (16). It 
is evident, therefore, that this method of calculation does 
not take into account the increase in Ein, caused by the re- 
duced saturation when the pull-out point is reached, and 
the maximum power so obtained is less than that given by 
the Potier voltage method. The maximum power equa- 
tion becomes 
BE, 

LatZe 


where Eag=E.+] 2x4 


Prax = 


calculated for the condition prior to pull out. 
From the calculations in the example above, 
Eiiny= Ey = 2.015 per unit 
H,=0.894 per unit 
P __ (2.015) (0.894) 
mm" 1,30+0.25 


Short-Circuit Ratio Method—The short-circuit ratio 
(SCR) of a generator can be obtained from the saturation 
curve 


= 1.162 per unit. 


Tent 


ae ~ Lai 


(27) ° 
where 


Imi = Field current required to produce rated voltage 
on the no-load saturation curve. x 
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I+,;= Field current required to produce rated arma- 
ture current with a three-phase short circuit at 
the generator terminals. 


In this method of calculation, the generator reactance 2, is 
represented by the reciprocal of the generator short-circuit 
ratio, 

1 


“e=SCR 


¥ RB is roughly equivalent to the generator 
unsaturated synchronous reactance, differing only in the 
fact that it takes into account a certain amount of satura- 
tion. The saturation included is that existing at rated 
voltage on the no-load saturation curve, and if this value 
of saturation is designated Si, it can be shown that 


a (ss) 
SCR “\i-+Su 


The quantity 


INITIAL LOAD 


PULL-OUT POWER-PER UNIT 


POTIER VOLTAGE METHOD 
— AIR-GAP VOLTAGE METHOD 
SHORT-CIRCUIT RATIO METHOD 


SYNCHRO NOUS REACTANCE METHOD 


lee 


O85. ~-90”~C~SS:=C<C~SNCS”SC<CSSHtC(<CSStSCiSSSC*«aO 
UNDEREXCITED -|- OVEREXCITED 
POWER FACTOR 
Fig. 20—Comparison of four methods of calculating pull-out 
power. 
X¥_=0 per unit 


Initial load equal to 60 at kw or 0.85 per unit at various power 
factors with terminal voltage E, equal to 13 800 volts or 1.0 
per unit. 
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In this method, therefore, a certain amount of correction 
for saturation at pullout is obtained, but it is a constant 
approximation, whereas the true saturation is variable 
depending on the operating conditions. 

Internal voltage is calculated for the initial operating 
conditions from 


Buc B.+1( sip) 
and the magnitude of the internal voltage at the pull-out 


point is assumed equal to the value so calculated. The 
maximum power equation is 


Prax & | OF OP 


Applying this method to the example, the short-circuit 
ratio is found from the saturation curve and Eq. (27), 
1.16 


SCR =" 45 = 0.892 


£_,= 1.121 per unit 
Fing = (1.0-+70.0) + (0.85 —70.527) (71.121) 
=1.591+ 70.953 = 1.854 /30.9° 
p___ (1-854) (0.894) 
mee 4,121-40.25 


= 1.209 per unit. 


PULL-OUT POWER-PER UNIT 


POTIER VOLTAGE METHOD 
AIR-GAP VOLTAGE METHOD ____| 
—— SHORT-CIRCUIT RATIO METHOD 
SYNCHRONOUS REACTANCE METHOD. 


85 90 95 1.0 35 30 85 80 


UNDEREXCITED 91> OVEREXCITED 
POWER FACTOR 


Fig. 21—Comparison of four methods of calculating pull-out 
power. 
¥_=0.25 per unit 
Initial load equal to 60 000 kw or 0.85 per unit at various power 
factors with terminal voltage E, equal to 13 800 volts or 1.0 
per unit. 
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Fig. 22—Comparison of four methods of calculating pull-out power. Each curve is calculated for an initial-load condition of 
various kilowatts at the indicated power factor with the terminal voltage equal to 1.0 per unit. 
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Air-Gap Voltage Method—tThe use of the air-gap line 
voltage to represent the internal voltage of a generator in a 
steady-state stability study is based on the fact that there 
js usually little saturation existing at the time of pull out. 
The air-gap line voltage which is used is that voltage read 
on the air-gap line at a value of excitation equal to that re- 
quired for the initial load condition. When expressed in 
per unit, this voltage is equal to the excitation voltage E, 
obtained in Eq. (17). The unsaturated synchronous react- 
ance Za ls used to represent the generator reactance zz. 
‘Thus, if there is any saturation in the machine at pull out, 
this method uses a voltage which is too high by the amount 
of the saturation to represent the internal voltage. The 
muximum power equation for this method is 

s 
P = Bink 
max Late 
where 


Eim=E,=V oltage read on air-gap line at the field 
excitation required to produce the ter- 
minal voltage under conditions of load. 


Tn the example above, Ey was found to be 2.269 per unit, 
and the maximum power is 


(2.269) (0.894) 
1.80+0.25 


Comparison of Methods—Results obtained by cal- 
culating the pull-out power for a given kilowatt load at 
various power factors using the four methods are com- 
pared in Figs. 20 and 21. The 60 000-kw generator de- 
scribed in the example above was used in making the calcu- 
lations. In all cases, the generator was assumed to be car- 
rying 60 000 kilowatts at the specified power factor and 
with the terminal voltage maintained at rated value during 
the initial load condition. In the transition to the pull-out 
point, the infinite-bus voltage was assumed constant at the 
vilue calculated for the initial load condition. Figure 20 
shows the results with the external reactance z,.=0, and in 
Fig. 21, ¢,=0.25 per unit. 

In all cases, the air-gap voltage method gives the highest 
value of pull-out power. This is to be expected since this 
method assumes no saturation at pull out and uses a volt- 
age higher than actual to represent the generator internal 
voltage. The synchronous-reactance method, on the other 
hand, assumes that the saturation at pull out is equal to the 
saturation existing under the initial load condition and, 
consequently, represents the generator internal voltage by 
2 voltage lower than the true value. The synchronous- 
reactance method, therefore, gives the lowest results in all 
cases. The actual value of pull-out power must be between 
the values obtained by these two methods, since one meth- 
od considers no saturation while the other considers a high 
Value of saturation. 

The Potier-voltage method and the short-circuit ratio 
method give results within the limits set by the air-gap 
Voltage and synchronous-reactance methods. Based on 
Modern synchronous machine theory, the results of the 
Potier-voltage method are more accurate, because the sat- 
uration at pull out is adjusted to the proper value. The 
Short-circuit ratio method gives results that compare 


Pine = = 1.309 per unit. 
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closely with the Potier-voltage method over the range of 
conditions studied. 

Asummary of a large number of calculations of pull-out 
power for the sample machine is given in Fig. 22. To ob- 
tain the data in each curve the generator power factor and 
terminal voltage were held constant for the initial load con- 
dition, while the generator load in kilowatts was varied. 
Study of these curves shows close agreement between the 
four calculating methods over the range of conditions in- 
cluded. Of particular interest is the fact that the result 
obtained by the short-circuit ratio method exceeded that 
obtained by the air-gap voltage method at low leading 
power factor and reduced load. 

Extension of the Potier-Voltage Method—The Po- 
tier-voltage method as described above may appear to be a 
long and tedious procedure when a large number of condi- 
tions are being studied. The equations can, however, be 
modified for certain specific conditions and the calculations 
are then greatly simplified. 

Frequently, it is desired to know the magnitude of field 
current or excitation voltage that must be maintained to 
prevent a generator from pulling out of synchronism. It 
has been shown that the pull-out power is a direct function 
of the excitation voltage less the saturation. A generator 
will pull out of synchronism when carrying a given kilo- 
watt load if the excitation voltage is reduced below a cer- 
tain minimum value. A curve of pull-out power as a func- 
tion of excitation voltage is easily derived by the Potier- 
voltage method. 

The first step in the procedure is to assume a value of 
pull-out power, Pmax, and determine the magnitude of in- 
ternal voltage required to deliver that power by solving 
Eq. (25) for Bint: 

Big = Beate) 
Referring to the vector diagram in Fig. 18 (c), two equa- 
tions can be written: 


—jE,+jl' (atte) =E' in +j0 (29) 
E,! = —jE,+jl' (e+ ap) (30) 
Solving for J’ in Eq. (29) and substituting in Eq. (30), 


Al , iva. ao) Rr (Se y 
By \E ino EE ae ike 


Letting 


(28) 


_ +25 (31) 
= Late 
EB! = VE in K?+E2(K—-1) (32) 


In terms of the pull-out power, Eq. (32) converts to 


By =] F(a, +6) + BK — 1). (33) 
Using Eq. (28), therefore, the internal voltage is deter- 
mined, and E,’, the voltage behind Potier reactance, is de- 
termined by using either Eq. (32) or Eq. (33). The satura- 
tion S’ is then read from the saturation curve at a voltage 
equal to FH,’ and added to the internal voltage to obtain the 
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excitation voltage as in Eq. (17). As pointed out previous- 
ly, it is desirable that all calculations be done using per- 
unit values. When this is done, the excitation voltage ob- 
tained is in reality the per-unit field current required by the 
machine. The actual value of field voltage required can be 
obtained by multiplying the field current by the field re- 
sistance properly adjusted to take into account tempera- 
ture effects. 

As an example, this procedure can be applied to the 
60 000-kw generator used above, and the field current de- 
termined for a maximum power of 1.25 per unit with the 
infinite bus voltage £', equal to 1.0 per unit and the ex- 
ternal reactance equal to 0.25 per unit. From Eq. (28), 


Big. = == (1.80+0.25) = 1.937 per unit. 


0.11-+-0.25 
K= T3010 .05 7 02323: 


From Eq. (32) 


EB,’ = V(1.937)2(0.2323)?-+ (1.0)2(0.2323 — 1.0)? 
=0.890 per unit. 


From the saturation curve, 9’ is 0.074 per unit, and the re- 
quired excitation voltage or field current is 1.937-+0.074= 
2.011 per unit. One per unit field current on this generator 
is 332 amperes, so that the field current required would be 
668 amperes, and the field voltage would be this current 
multiplied by the field resistance. 

The results of a number of calculations of this type on 
the sample machine are plotted in Fig. 23 for three values 
of external reactance, to illustrate the manner in which the 
data can be presented. Because these curves give the value 
of field current for pull out, it is obvious that the generator 
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Fig. 23—Variation of pull-out power as generator field current 
is changed; calculated by Potier-voltage method with infinite 
bus voltage E,=1.0 per unit. 
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Fig. 24—Estimating curve for determining the pull-out power 
of an AIEE-ASME standardized turbine generator as a func- 
tion of kva load and power factor. 


1.0 per unit kva load = generator rated kva. 

1.0 per unit Pull-out Power = generator rated kva. 
- 1.0 per unit field current = field current required for rated voltage 

on air-gap line. 

Find the point corresponding to the initial kva load on the 
upper ordinate and trace horizontally to the proper power 
factor line. Drop vertically to read field current on the 
abscissa and to intersect with proper external-reactance 
curve. Pull-out power is read on the lower ordinate. For 0.85 
p.u, initial kva load at 1.0 pf., the pull-out power is 1.05 per 
unit and the field current is 1.72 per unit as found by follow- 
ing the dotted arrows. See text regarding accuracy of curves. 


should be operated so as to maintain the field current high 
enough above the value indicated for the load being carried 
to provide sufficient pull-out margin. Methods of control- 
ling the minimum excitation under voltage-regulator con- 
trol and assuring sufficient field current for all kilowatt 
loads are discussed in Chap. 7. 

Estimating Curves—The ASME-AIEE standardized 
designs of turbine generators are described in Chap. 6. 
These generators are designed for a rated power factor of 
0.85 and a nominal short-circuit ratio of 0.80. The curve 
in Fig. 24 has been prepared for the purpose of quick-esti- 
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mating the pull-out power for these machines. The pro- 
cedure for using the curve is explained in the caption. 

In using the curves of Fig. 24, the conditions for which 
they are plotted should be considered. The upper curves 
of kva vs. field current for various power factors are plotted 
for 100 percent generator terminal voltage. The lower 
curves of pull-out power vs. field current for various ex- 
ternal reactances are plotted for 100 percent voltage on 
the infinite bus. The infinite-bus voltage and generator 
terminal voltage are equal only when the external reac- 
tance x_ is zero. Therefore, the curves give correct results 
when the generator is connected directly to the infinite 
bus with no external reactance and with the terminal 
voltage at rated value. 

For values of external reactance other than zero, the 
generator terminal voltage is more or less than 100 percent, 
depending on the power factor of the load current. The 
upper curves do not give the correct value of field current 
for these conditions, but the results are of acceptable ac- 
curacy for small variations in generator terminal voltage. 
The pull-out power obtained for conditions with external 
reactance, however, should be considered as approxi- 
mations. 

The curve is also closely applicable for quick-estimating 
the pull-out power of turbine generators in general, espe- 
cially those having normal characteristics. If the per-unit 
field current is determined for the load being carried, the 
lower set of curves of pull-out power vs. per-unit field cur- 
rent can be used to determine the pull-out power with in- 
creased accuracy for non-standardized generators. 


IV, TRANSIENT-STABILITY CALCULATIONS— 
TWO-MACHINE SYSTEMS 


In this part, system components entering into transient- 
_ Stability calculations and the step-by-step method of mak- 
ing transient-stability calculations are discussed. 


15. Effect of Saliency on Transient Stability 


The transient performance of a system containing sali- 
ent-pole machines can be calculated by the two-reaction 
method discussed in Chap. 6. A vector diagram for the 
two-reaction method expressed in circuit notation is shown 
in Fig. 25. This is the most commonly used diagram since 
In stability studies salient-pole machines are usually en- 
countered and for these the quadrature-synchronous and 
the quadrature-transient reactances are equal, i.e., tT, =Zq/. 
lhe power output can be expressed in terms of the ter- 
minal voltage, current, the angle 6’, and E'', which cor- 
responds to the actual flux in the direct axis. The expres- 
Slons are identical with those given in Eqs. (5) to (13) in- 
clusive, with the exception that transient reactance <4’ 
Must be substituted for synchronous reactance 2q and that 

a must be substituted for Ha. 

The range of transient-reactance values is given in Table 
4 of Chap. 6. In salient-pole machines the quadrature-axis 
transient reactance is considerably higher than the direct- 
axis transient reactance. 

F or commercial salient-pole machines the ratio of x,’ to 
Ta 1s usually greater than 2.0. For turbine generators the 
quadrature-axis transient reactance is for solid rotors about 
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Fig. 25—Vector diagram of salient-pole generator for tran- 
sient stability. 


E, I—Terminal voltage and armature current (phase-to-neutral). 


Eint—~Internal voltage, the voltage back of direct-axis transient 
reactance 24’. 


Eq'—Voltage due to flux in the direct axis. 


e¢—Displacement angle between rotor position and terminal 
voltage. 


9’—Displacement angle between internal voltage and terminal 
voltage. 


the same as the direct-axis transient reactance, but for lam- 
inated rotors it varies from approximately 50 percent 
greater than the direct-axis transient reactance to a value 
approaching the quadrature-axis synchronous reactance. 
To generalize on the quadrature-axis transient reactance 
of turbine generators is impractical because of the complex 
character of the magnetic circuits in such machines. 

The power-angle curve, used in transient-stability stu- 
dies of systems with salient-pole machines, consists of a 
fundamental component and a second-harmonic com- 
ponent. From Eq. (9) when modified for transient condi- 
tions, since x,’ is greater than x4’, the maximum power is 
seen to occur for angles greater than 90 degrees. This con- 
dition is to be contrasted with that shown for steady-state 
conditions using synchronous reactances. The difference, 
of course, follows because the sign of the second-harmonic 
term is dependent upon the difference between the direct- 
and quadrature-reactances as Eq. (9) shows. 

In stability studies it is rather difficult to carry out ana- 
lytical calculations using the two-reaction method* on sys- 
tems with more than two machines. Asa practical matter, 
it is sufficiently accurate to use a method based on the 
round-rotor theory in which the machine is represented by 
the direct-axis transient reactance and an internal voltage 
equal to the terminal voltage plus transient-reactance drop 
for the condition immediately preceding the transient. 
This transient-reactance drop and the corresponding in- 
ternal voltage Hint are shown in Fig. 25. Under ordinary 
conditions, there will not be any large difference in the 
magnitude of the internal voltage Hin, and the voltage Eu’ 
due to flux in the direct axis. Consequently, the funda- 

*See Sec. 37 of this chapter for a discussion of such a method. 
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Fig. 26—Effect of saliency on transient stability for system 
shown in insert with both lines in service. 


A—Power-angle diagram based on initial load of 0.833 per unit— 
two-reaction theory. 

B—Power-angle diagram based on same initial load—round-rotor 
theory using same direct-axis transient reactance and cor- 
responding internal voltage. 


mental component of the power-angle curve is substan- 
tially the same in magnitude whether the round-rotor 
method or the two-reaction method is used. 

Consider a simple transmission system*, such as shown 
in the insert of Fig. 26. Power-angle diagrams for this sys- 
tem have been calculated by the round-rotor and the two- 
reaction methods using the same values for xq’ in the ma- 
chine and for the reactances of the remainder of the sys- 
tem. These power-angle diagrams for initial machine- 
conditions corresponding to a steady transmitted load of 
0.833 per unit are shown in Fig. 26. In this case there is a 
difference of one percent in the power limit, the larger be- 
ing obtained by the two-reaction method. The areas in the 
power-angle diagram for the initial output of 0.833 per unit 
are somewhat greater for the two-reaction method than for 
the round-rotor method. Furthermore, with the two-reac- 
tion method an appreciably greater percentage of this area 
occurs at a greater angle than with the round-rotor meth- 
od. The power-angle curves show that the round-rotor 
method gives a conservative stability limit for the usual 
transient conditions. This is illustrated by Fig. 27 which 
is based on the system of Fig. 26 subjected to a double line- 
to-ground fault at the sending end. In this figure two 
curves are given for the stability limit plotted as a function 


*This is identical with the system used in the single-machine 
problem, Sec, 24. 
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Fig. 27—Effect of saliency on permissible switching time— 
simultaneous clearing of line-section with double line-to- 
ground fault at sending end of system shown in Fig. 26. 


A—Two-reaction theory. 
B—Round-rotor theory. 


of the duration of fault using both the round-rotor and two- 
reaction methods. These curves show that there is little 
difference in the stability limit or the permissible switching 
time, but the values are somewhat greater when calculated 
by the two-reaction method. If salient-pole machines were 
used at both ends of the system, the effect of saliency would 
be of greater importance. However, for the majority of 
problems the round-rotor method is satisfactory because it 
gives a conservative stability limit and is preferable be- 
cause the calculations are much simpler. 


16. Effect of Saturation on Transient Stability 


Machine saturation affects transient stability by reduc- 
ing the magnitude of transient reactances. As brought out 
in Chap. 6, the unsaturated transient reactance is rarely 
useful. The two commonly available and useful values of 
transient reactance are (1) the “rated-current value” ob- 
tained by short-circuiting a machine at the appropriate 
reduced excitation, and (2) the “rated-voltage value” ob- 
tained by short circuiting the machine from no load but 
with excitation corresponding to rated voltage. The dif- 
ference in these reactances results from saturation arising 
from the difference in excitation, the higher value being for 


the lower excitation, The rated-voltage value is the one . 


commonly used for short-circuit calculations and, there- 
fore, is generally available. Actually the variation in the 
value of transient reactance caused by saturation is not 
large and it is preferable in stability studies to use a con- 
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servative, that is, the higher value. It is possible to include . 


the effect of saturation in the estimate of the transient re- 


actance corresponding to the particular excitation and of, 


armature current as discussed in Chap. 6. Practically, r 
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however, there is little difference for the range of currents 
commonly encountered. For this reason it is usually suffi- 
ciently accurate to use the “rated-current value.” 


17. Dynamic Stability with Automatic Devices 


When synchronous machines are operated with voltage 
regulators, the stability limits of the system are impor- 
tantly changed from the values which obtain for hand 
control. This phenomenon has been designated “dynamic 
stability with automatic devices.” Dynamic stability on 
power systems is made possible by the action of voltage 
regulators that are capable of increasing or decreasing flux 
within a machine at a faster rate than that caused by the 
system in falling out of step. When the inherent stability 
limit is exceeded, both the mechanical system and the elec- 
trical system are maintained in a continuous state of oscil- 
jation through the development of restoring forces equal to 
or greater than the disturbing forces. 

This conception of dynamic stability was first recognized 
by E. B. Shand, but at the time it was not thought to lie 
within the range encountered with commercial equipment. 
Subsequently, Evans and Wagner* demonstrated by ana- 
lytical methods and by miniature-system tests that sub- 
stantial improvement in stability limits could be obtained 
hy making use of this phenomenon. Their tests, reported 
in 1926, showed that the stability limits of a transmission 
system with a 200-mile transmission line could be increased 
25 percent by this method. Later Doherty’ and Nickle 
made tests for the special and rather academic condition 
of two machines directly connected, which showed that 
the limits could be increased about 300 percent by the 
same means. These two tests are actually quite compara- 
ble when the effects of line reactances are considered. 

Dynamic stability with automatic devices can be con- 
sidered as a problem in transient stability, making use of 
the machine air-gap flux and a reactance intermediate 
hetween the familiar synchronous and transient react- 
ances. With ideal excitation systems, that is, with volt- 
age regulators without time lag, with high frequency 
of operation, and with unlimited exciter range and re- 
sponse, the stability limit would be determined by the 
transient reactance. From a practical standpoint the ex- 
citer response is not sufficiently fast to approach closely 
the ideal condition. More important, however, is the in- 
ability of the regulator to approximate the ideal charac- 
teristics because of the time delay and the finite steps of 
regulator action, and delay in the anti-hunting feature. 
This provides a definite limit to the increase in the stabil- 
ity limit resulting from regulator action. Nevertheless, for 
the system consisting of two machines, as described in 
Ex. 1 of Sec. 13, operating at equal excitation and con- 
Stant terminal voltage under the control of a voltage regu- 
lator, the stability limit was raised with automatic devices 
trom 52 to 183 kilowatts. The importance of the increase 
In stability limits due to the operation of automatic de- 
Vices is, of course, greatly reduced when appreciable react- 
ince is introduced between the sending and receiving sys- 
tems. For example, Fig. 28 shows the effect of introducing 
line reactance between the two machines just described. 

or a discussion of operation in the zone of dynamic sta- 
“Reference 5; test results reported in closing discussion. 
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Fig. 28—Comparison of stability limit with automatic voltage 
regulator and limit with fixed excitation or hand control. 
Shows gain due to ‘‘Dynamic Stability.”’ 


bility, reference should also be made to the second part 
of See. 47 under Excitation Systems. 


18. Hunting of Synchronous Machines 


The hunting of synchronous machines can arise from 
phenomena closely related to system stability. In the 
early stages of power-system development it was difficult 
to differentiate between hunting and instability. The 
term “hunting” is now commonly restricted to two phe- 
nomena, which may be designated as 


(1) Hunting from spontaneous action, and 
(2) Hunting from pulsating torques. 


The first of these phenomena was observed in connection 
with the operation of synchronous converters when sup- 
plied over “shoe-string lines.” It was found that the 
hunting could be overcome (1) by limiting the resistance 
drop of these lines to a certain percent of the total react- 
ance drop, or (2) by the use of suitable damper windings. 
Spontaneous hunting is still encountered occasionally, 
principally in connection with high-resistance lines or in 
connection with series capacitors as a result of which the 
resistance sometimes becomes relatively large through the 
neutralization of inductive reactance. The phenomenon 
of spontaneous hunting is now well understood, and the 
conditions under which it can occur can now be expressed 
in mathematical form.” 

The hunting that results from pulsating torques is a 
phenomenon which today is of much less importance than 
it was when reciprocating types of prime movers were 
used. These pulsations have been minimized by the use 
of greater inertia and the use of damper windings. The 
development of the continuous-torque prime movers of 
the turbine type for both steam and hydro-electric instal- 
lations substantially eliminated the problem in connection 
with these prime movers. At present the problem is occa- 
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sionally encountered in connection with Diesel-engine 
prime movers or with certain types of pulsating loads. 
The phenomenon may be analyzed by methods outlined 
in this chapter for a study of transient stability by using 
the known pulsating-torque characteristic of the prime 
mover or of the load, and the electro-mechanical equations 
or the electric-circuit equivalents. 


Natural Frequency of Synchronous Machines*— 
The natural frequency of undamped electro-mechanical 
oscillation for a synchronous machine connected to an 
infinite bus and shaft-connected to reciprocating machin- 
ery is given by 

_ 35200 | Pf 
on WR? 


(34) 
where 
fn = Natural frequency in cycles per minute. 
n=Speed of machine in revolutions per minute. 
P.=Synchronizing power as defined below. 
f= Frequency of circuit in cycles per second. 
WR?= Moment of inertia of synchronous machine and 
shaft-connected prime mover or load, in Ibs-ft?. 


The synchronizing power is the power at synchronous 
speed corresponding to the torque developed at the air gap 
between the armature and field. The synchronizing co- 
efficient P; is determined by dividing the shaft power in 
kw by the corresponding angular displacement of the rotor 
in electrical radians. P,, therefore, is expressed in kw per 
electrical radian. The displacement angle of the rotor for 
a given current and power factor is 
Satan! eta oOo 
E,+JI 2x, sin 
where 

6= Rotor displacement angle in electrical radians. 

J =Per-unit armature current. 

E.=Per-unit armature terminal voltage. 

¢@ = Power-factor angle. 

q = Per-unit quadrature-axis synchronous reactance. 


The value of P. determined by this method is quite gen- 
erally applicable for predicting operation at full load, 
particularly where the amplitude and frequency of the 
power pulsations are low. The value of P. at no load with 
the field excitation corresponding to normal open-circuit 
voltage may be taken as normal rated kva divided by xq. 
The variation of P. from no load to full load is approx- 
imately linear when the terminal voltage and power factor 
are held constant. 


19. Governors 


At present, prime movers for waterwheel and turbine 
generators are under the control of governors that re- 
spond to variation in speed or frequency. Some prime 
movers are operated on a mechanically-limited valve 
opening or “block” and an adjustment of the governor for 
that particular unit to regulate for a frequency somewhat 
above the system so that the unit operates to give the 
maximum prime-mover input corresponding to the de- 

*American Standard for Rotating Electrical Machinery, ASA, 
C-50, 1943, page 28. 
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sired block. A governor under such a setting is, of course 
operative to limit overspeed, the control becoming effec. 
tive at a frequency slightly above the normal frequency 
Governors are relatively slow in action with respect to 
the time elements which are important from the stand_ 
point of power-system oscillations. For this reason goy. 
ernors are usually not important from the standpoint of 
transient stability. In the case of hydro-electric plants 
because of the large amount of energy stored in the water 
column it is impracticable for the governor to limit rap- 
idly the prime-mover input, although by-passing action 
can be effected more rapidly. Proposals for faster action 
have been made, but by-passing arrangements as built 
are too slow to be beneficial from the standpoint of sta- 
bility. In the case of steam turbines, there is somewhat 
greater possibility of control. However, in many plants 
the amount of energy stored in the steam in the piping 
and various high- and low-pressure units, limits the bene- 
fits that might be obtained. 

Governors, however, have an important effect on 
steady-state stability as a result of their control of the 
division of increments of load among the various gener- 
ating units. It is necessary, therefore, to give consider- 
ation to the actual distribution of the incremental load 
when the stability limit is being approached. Further- 
more, where loads and generating equipment are distrib- 
uted throughout a network, a large difference of phase is 
sometimes introduced between the principal generating 
stations on the system. Under such conditions a system 
fault can sometimes produce a severe oscillation and re- 
sult in instability. Such a condition can be avoided by 
control of the phase angle between the machines so as 
to limit the initial angle between principal generating 
stations to a safe value for the initial condition, that is, 
prior to the fault. 

Governors may introduce a disturbing factor and tend 
to produce hunting and even loss of synchronism. This 
condition produced by governor action is identical with 
the other forms of pulsating disturbances applied to a 
system and discussed in Sec. 18, Hunting of Synchronous 
Machines. The adjustment of the governor is an impor- 
tant factor in preventing any tendency toward hunting 
action. The time lag of the governor and its natural pe- 
riod of movement, if closely related to that natural period 
of the system, can contribute to hunting action. 

If a machine pulls out of step with the remainder of 
the system, the governor is called into action by the over- 
speeding of the machine. The slipping of poles produces 
a pulsating disturbance of low frequency, which the 
governor can or cannot follow, depending upon its adjust- 
ment. For this reason radically different results can be 
obtained when two generally similar generators pull out 
of step. There is, therefore, some advantage in adjust- 
ing governors so as to minimize the resulting disturbance 
to the system in the event of the machine losing sy2- 
chronism. 


20. Calculation of System Oscillations 


The electro-mechanical oscillations produced by a tran- 
sient disturbance on a two-machine system are very com> « 
plicated. The formal mathematical solution of these 0S | 
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cillations is not possible as even the simplest cases involve 
elliptical integrals. The solution, however, can be ob- 
tained to any desired degree of accuracy by step-by-step 
approximate methods discussed subsequently in Sec. 23. 
The relations of the principal variables can readily be 
visualized by curves that give the acceleration, velocity, 
and displacement as a function of time. For this purpose 
it is convenient to think of an oscillation for which the 
change in power and angle are linear¢as shown in Fig. 
29 (a). The time variation of acceleration, velocity, and 
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Fig. 29—Graphical solution of system oscillation 


displacement are given in Fig. 29 (b) to (d). For the 
case chosen the quantities plotted are simple sine and 
cosine curves. Simple relations exist between these curves 
that can be derived from the basic laws of motion. Thus 
the change in velocity is proportional to the square root 
of the integral of the acceleration-angle curve, and the 
displacement is a function of the integral of the velocity 
curve,* 

For the practical cases the simple trigonometric rela- 
tions do not hold because the power-angle relation is not 
linear, However, curves similar to those of Fig. 29 (b), 
(c), and (d) can still be plotted, and they will help to give 
% picture of the variations in these quantities. 


*These relations provide the basis for a graphical method proposed 
by Skilling and Yamakawa” for obtaining velocity-angle and time- 
angle curves. This method has certain advantages in comparison 
With a step-by-step method from the standpoint of formal mathe- 
Matical presentation. It can readily be used to provide a check on 
the suitability of interval used in step-by-step analysis, since velocity 
'S proportional to the square root of the integral of the acceleration- 
angle curve. The method is not applicable to a system with more 


Pie two machines and for this reason has not been presented in 
etail, 
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21. Use of Angle-Time or Swing Curves 

Angle-time or swing curves may be calculated by means 
of the step-by-step procedure discussed in Sec. 23. These 
curves show the angular position of the rotor(s) plotted 
against time measured from the inception of a fault. Fig- 
ure 36 is an example of an angle-time curve. 

If a two-machine system is subjected to a switching 
transient as shown in Fig. 6, it is possible to deter- 
mine by the ‘‘equal-area method” previously discussed. 
whether the system is stable. This answer, it will be 
noted, would be obtained without a knowledge of the 
time variation of the various electro-mechanical quan~ 
tities. Similarly, if a two-machine system is subjected to 
a transient disturbance involving a fault with subsequent 
clearing, as illustrated in Fig. 7, it is also possible to 
determine whether the system is stable. In this case 
the duration of the various fault conditions must be ex- 
pressed in terms of the angular swing. From a practical 
standpoint such information is not generally available be- 
cause faults are cleared as a function of time measured 
from the application of the fault. Determination of this 
time requires solution of the electro-mechanical oscilla- 
tion. Examination of the angle-time curves for a par- 
ticular system subjected to a specified disturbance not 
only establishes whether the system is stable, but if 
stable it provides some basis for estimating the margin 
of stability as well. The angle-time or ‘swing curves’’ also 
provide a basis for estimating the magnitude of the 
voltage, current, power, and other quantities throughout 
the disturbance, which information is frequently of great 
value in circuit-breaker and relay applications. 

The determination of angle-time curves is carried out 
by approximating methods either analytically or with the 
aid of the a-c network calculator. The essential parts 
of these methods are the same, since calculations in both 
cases are carried out by step-by-step methods. In this 
method small intervals are taken so that the accelerating 
forces can be assumed constant within the interval. On 
this basis it is a simple problem in mechanics to deter- 
mine for each step the change in position of the rotor of 
each machine as a result of the accelerating or decelerat- 
ing forces, the inertia of the machine, and the duration 
of the interval. 


22. Inertia Constants and Acceleration 


By means of the methods previously described, it is 
possible to reduce the electrical input or output of each 
machine to a simple power-angle curve or a simple trigo- 
nometric expression with the angle between internal emf’s 
as the variable. The accelerating power depends upon the 
initial operating condition and upon the difference between 
input and output, including the effect of losses. Thus, for 
a generator the accelerating power, which is the variable 


AP, is AP =P,—(Po+L) (35) 


where P; is the mechanical input, Po is the electrical out- 
put, and L is the total loss. In the case of a synchronous 
motor the equation is similarin meaning, but the numerical 
sign of the accelerating forces is negative when the input 
is less than the output plus the losses. Losses are, however, 
often neglected. 
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The inertia of synchronous machines varies through a 
wide range depending principally upon the capacity and 
speed and upon whether additional inertia has been in- 
tentionally added. Fortunately, however, the constants 
vary through a relatively narrow range if they are ex- 
pressed in terms of the stored energy per kva of capacity. 
The relation between the stored energy constant*, H, and 
WR? is given by the following equation: 


2 2 —§ 
a 93 WH ) (rpm)? x 10 
ne kva 


where WR? is the moment of inertia in pounds-feet 
squared, and rpm is the speed in revolutions per minute. 
The inertia constants vary through a range of from less 
than one to about ten kilowatt-seconds per kva, depending 
upon the type of apparatus and the speed. Since control 
of the inertia is one of the possible methods of improving 
the stability of the system, the subject of inertia constants 
is discussed at some length under the first part of Sec. 47 
dealing with measures for improving system stability. 
Reference should also be made to Chap. 6, Part XIII, for 
further information on inertia constants which can be used 
in preliminary work or in the absence of specific information 
applying to the machine under consideration. 

Frequently it is convenient when neglecting loss to re- 
place a system of two machines, each with finite inertia, by 
another system consisting of one machine with an equiva- 
lent inertia and a second machine with infinite inertia. 
By this means the problem is reduced to that of a single- 
machine system.> If the stored energies of the machines 
are (H,kva,) and (H»kva,), then the equivalent inertia 
constant for one of them, Heqay is given by 


H, 
A,kva, 
} Treva 


In this method the acceleration, velocity, and phase rela- 
tion of the selected machine are obtained in relation to the 
other machine as reference. When losses, intermediate 
loads, or more than two machines are involved, it is neces- 
sary to use the more general method whereby the absolute 
acceleration, velocity, and phase relation for each machine 
are separately determined as discussed in the following 
section. 

With the inertia constant, H, and the accelerating or 
decelerating power, AP, it is possible to compute the ac- 
celeration by means of the following important formula: 

y_ ASO NAP) (38) 
(H)(kva) 
where @ is the acceleration or deceleration in electrical 
degrees per second per second, f is the system frequency 
in cycles per second, AP is the kilowatts available for ac- 
celeration (or deceleration), H is the inertia constant in 
kilowatt-seconds per kva as obtained from Eq. (36). 


(36) 


Heaiay (37) 


23. Step-by-Step Procedure 
The step-by-step procedure?®'2 can be carried out in 


*The formulas for acceleration and inertia constants are based on 
the forms presented in the “First Report of Power System Stabil- 
ity,” Reference 33. 
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Fig. 30—Step-by-step solution—details of method for approx- 
imating acceleration, velocity, and angle changes. 
NOTE: For computing velocity at the end of an interval, it is 
necessary to add a correction term to include change in 
velocity from the middle to the end of the interval as shown 

by V, for the third interval. 


many ways, depending upon the particular set of assump- 
tions used to minimize the error resulting from the approx- > 
imation. The following procedure is the one we have found 
to be the most suitable for transient-stability studies using 
the a-c network calculator. In studying the step-by-step 
method, it is suggested that consideration be given first 
to its application to a single-machine system, that is, a 
two-machine system for which one machine is of infinite 
inertia. Reference should be made to Fig. 30, which shows 
for a particular machine the variation of acceleration, ve- 
locity, and angle of rotor with respect to the other machine 
which is assumed to be of infinite inertia. The method 
upon which this figure is based can readily be modified to ‘ 
apply to the general case of two machines of finite inertia ~ 
by making allowance for the changes in the positions of the 
rotor of the other machine. The calculations are arranged 
in tabular form as shown in Table 2. Two similar tabula-., 
tions are required for a two-machine system, one for each * 
machine. The calculation for a particular machine is tied | 
in with that for the other machine by means of Column 11 4 
of the tabulation, which is obtained from Column 10 of the 4 
tabulation for the other machine. If one of the machines 4 
is assumed to be of infinite inertia, the problem reduces tg 
that of a single-machine system, and only one tabulation 184 
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TABLE 2—SUGGESTED FORM FOR STEP-BY-STEP ANGLE-TIME CALCULATIONS 
Station Machine Nos. Total Kva 
Machine, WR? = Ibs —ft? 
H= stored energy, kilowatt-seconds per kva 
e 180(f) (AP 
Acceleration, a A eRONAE) =kAP, degrees per second per second 
(H)(kva) 
gore» 
(H)(kva) 
Pytech. = kilowatts, mechanical input 
a ee ee 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
Elec AP, kw Angular | Angular 
Out- Mechanical Accel., a | Accel. Vel. Velocity Angle Change for | Change Final 
" Angleé Input : change, eae Machine for 
Time put : Degrees per | Time w, Time Angle 
? De- minus : Aw, Under Con- | Other 
See plus : Sec per Incre- Degrees Inere-| ~. : : 6, 
grees iotas® (Electrical Sen ane Degrees per Ske dang sideration, | Machine DHaeress 
k * | Output plus per Sec Aé, Ad’, 8 
ox 
losses) Degrees | Degrees 
- aed — |Potecn. (3) | (4) Xk — | ()X)| (7)+(8)n-a = (8) X (9) ic (2)+(10)+(11) 
0.0 Bo Po \PMecn.—Po | kKAPo =a04 | At/2 Awi | wot Aw) = a1 At wi Al = AG; Ae,’ Oo+S6,+ A)’ =6; 
0.1 6; P, |Puecnh.—Pi | KAP: =a | Al Awe | w tAw: =w2 Al w2Al = Abs AO.’ 6; + Abo + Abo’ = 82 
0.2 2 P, Pech. = Py kAP. =a Al Aws3 wet Aw; = wW3 At w3Al = Ads Ad,' 0, + A@3+ Ad; a! 85 
0.3 Tae 03 P3_ Pech. —P3_ kAP3_ = a3 At/2 Ve wg Ve ood 
0.3+ 03 P3, PMeen. —P3, KAP 34 =a34 Al/2 Aw w3+ (Vet Aws) = Ww At w4Al = Ab, A6,! 83+ 405+ A404 =O; 
es % Py |Puecn.—P« | KAP, =0% At Aws wat Aws = ws Al ws, Al = AQs AO,’ 84+ AO, + AO! = 85 
0.5 45 


See Fig. 30 for meaning of a, w, Aw, 6 and A@ terms. 


*Losses are often neglected where they are small compared to the machine output during the fault. 


**These values obtained from similar tabulation for other machine. 


required, as Ad’, the angular change for the other machine, 
can be taken as zero. 

In Fig. 30 three intervals in the step-by-step method are 
shown, and a circuit change is assumed to take place at the 
end of the third interval. The velocities w, we, and w; are 
assumed to remain constant through the corresponding 
three intervals. The acceleration on the other hand is 
assumed to remain constant from the middle of one inter- 
val to the middle of the subsequent interval. By this means 
acceleration is chosen to be alternately greater and less 
than the actual value as shown by the plotted curve. Such 
an arrangement is used to minimize the cumulative error. 

The initial acceleration ao, is computed from the power 
flow corresponding to the phase position at the beginning 
of the transient disturbance which takes place at t=0. 
This acceleration is then used for half of the first time 
Interval A¢ to determine the velocity w: which is assumed 
throughout the interval. The angular change A@, for the 
Particular machine is then computed from the average 
velocity during the interval. Similar calculations are then 
made for the other machine to determine its angular change 
46,’ during the same interval. The final angle, the angle 
, at the end of the first interval, is the sum of the initial 
angle 6 and the angular displacements A®@ and AQ,’ for 
the two machines. 

_ The calculations for the second interval are made in a 
Similar manner. The acceleration a; is computed with the 
aid of the angle 6; obtained at the end of the first interval. 
Next the increment in velocity is obtained by assuming 


the acceleration a through the interval At. This velocity 
is then used to compute the change in angle taking place 
through the second interval, which is equal to the velocity 
we times the increment of time At. 

This process is repeated for each step throughout any 
period for which the circuit is not changed or for which the 
same time interval is used. If there is a change of either 
condition, it is necessary to compute a velocity correction 
term since, as pointed out previously, velocities are com- 
puted for the middle of the interval while acceleration and 
angular displacement are computed for the end of the 
interval. For the case illustrated in Fig. 30 the circuit is 
assumed to be changed at the end of the third interval. 
Consequently, it is necessary to add a correction term \% 
to the velocity ws to obtain the velocity at the end of the 
third interval as shown in the figure. 

The fourth and subsequent intervals can be computed 
as for the first and subsequent intervals. To distinguish 
between the acceleration rates corresponding to the be- 
ginning of an interval or the end of the preceding interval, 
the practice has been followed of using plus and minus 
signs respectively. This procedure has been applied to the 
case under consideration using the terms ao and ap, at 
zero time. In this case the acceleration ap_ is zero since 
it is assumed that the system is in equilibrium prior to the 
application of the transient at the time ¢=0, and the ac- 
celeration oo applies upon the application of the transient. 
The term a3. gives acceleration at the end of the third 
interval prior to the circuit change, and the term a3, gives 
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the acceleration subsequent to the circuit change. Ordi- 
narily the plus and minus signs should be omitted, and in 
that case the term is understood to give the acceleration 
at the end of the interval indicated by the subscript. 

The time interval to be used in the step-by-step analysis 
is a matter of judgment and convenience. In the ordinary 
stability problem the interval should not be longer than 
(0.1 second, which is a convenient interval since it gives the 
time in an even number of cycles. For some applications 
it is desirable to shorten the interval to 0.05 second, which 
corresponds to three cycles. The time interval can be 
changed from point to point throughout the transient dis- 
turbance. For example, during one part of a disturbance 
involving some circuit changes there can be little relative 
change in angular position, and relatively large intervals 
can be permitted. Conversely, other transient conditions 
ean introduce large changes in angle during an interval. 
As a practical matter, the length of the interval should 
always be decreased if the change results in an angular 
swing of 20 degrees to 30 degrees in a single interval. The 
velocity-angle curve for two-machine systems can be 
plotted and compared with the results of calculation by 
the method of Skilling and Yamakawa.® 

The labor of making a step-by-step calculation will 
be reduced greatly by arranging the work in tabular form. 
For this reason Table 2 has been introduced. This table 
is based on the procedure found desirable in a-c network 
calculator studies and can be supplemented by additional 
columns if this is desirable to facilitate the calculation of 
the output power which in the table is assumed to have 
been obtained from the a-c network calculator readings or 
from calculated power-angle curves. The calculations have 
been arranged so that velocity and acceleration curves 
can be plotted readily; this has been found desirable in 
a sufficient number of cases as to justify the additional 
columns required. 

Further details of the step-by-step procedure can be 
obtained from a study of the numerical examples. 


V. EXAMPLES OF TRANSIENT-STABILITY 
PROBLEMS 


In the previous sections, the concepts of calculating 
power-system stability are discussed in some detail. To 
illustrate the various salient features of stability calcula- 
tions, and to make clear the exact procedure in a specific 
problem, two examples will be calculated in detail. All of 
the individual steps in the calculation are given, so that 
one inexperienced in this work can follow the problem 
readily. To facilitate understanding of the various factors 
involved in transient-stability calculations, references are 
given to the sections where the theory involved is dis- 
cussed, and a considerable portion of the theory is re- 
viewed. In addition to a thorough knowledge of the fore- 
going sections of this chapter, an understanding of machine 
characteristics, Chap. 6, is necessary in solving the 
problems. 

The first example is a single-machine problem. This was 
chosen because it is the simplest case met in practice, and 
because in its solution the elements of a stability problem 
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can be illustrated with the least possibility of confusion. 
The single-machine problem is also useful when there are 
no intermediate loads, and losses can be neglected, since a 
two-machine problem can then be reduced to a single- 
machine problem, (Sec. 22). In the single-machine prob- 
lem all resistances and line capacitances are neglected to 
simplify the calculations. 

The two-machine example has been selected so that the 
sending end is the same for both problems. Both sending 
and receiving systems have finite inertia, and resistances 
are considered. This problem is important because it is 
the type most frequently calculated manually. Also, in 
using the general two-machine problem, all fundamental 
considerations affecting system stability in multi-machine 
systems can be illustrated. 


= 
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Fig. 31—Single-machine system assumed for study, 


24. Description of Single-Machine System 


The single-machine system selected for study, shown 
schematically in Fig. 31, has the following characteristics: 


Transmission Lines: 


Two circuits in parallel, 50 miles long, 10 foot flat spacing = 
12.6 foot equivalent-delta spacing. Conductors are 250 000 
circular mils, copper. Distance between line centers is 40 
feet and the conductors are transposed. There are no 
ground wires. 50 000 kw at 100 percent power factor is de- 
livered to the infinite receiver system. Normal voltage 66 kv. 


Sending end: 


Two 30 000-kva, three-phase, 60-cycle, waterwheel gener- 
ators. 
Unsaturated synchronous reactance 
Rated-current transient reactance 

(Chap. 6, Part XIII) 
Negative-sequence reactance 
Inertia constant (kw-sec/kva) 
Normal regulators and excitation system. 


Lq=63.8 percent 
xq’ = 25.4 percent 


X2= 28.9 percent 
H=3 


Transformers: 


One 60 000-kva, three-phase, 60-cycle bank connected as 
shown in Fig. 31 at each end of the transmission lines. 
Reactance=8 percent. Exciting current is neglected. 


Receiving end: 


Low-voltage side of receiver transformers connected to an 
infinite inertia system. Receiver low-voltage bus fixed at 
95 percent of normal voltage. 


25. Circuit Constants 


This problem is calculated using the per-unit system. 
The values given in the illustrations are all in per unit. The 
base selected is the kva of the sending end, or 60 000 kva. 
Using the formulas in Chap. 10, Sec. 4 to 7, 
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Normal Current I,= “TU66) =525 amperes. 

Normal Voltage E,= 5 = 38.1 kvline-to-neutral. } (39) 
= 1x 108 

Normal Impedance Z, = el =72.6 ohms. 


These values apply to the 66-kv portion of the system. 
If the above normal values are desired at any other point 
in the system, the transformer turns ratio should be used 
to determine the normal voltage at that point. 

The first step in the calculation is to determine the 
impedances of the different elements of the system in per 
unit. These values are then put in the network and it is 
reduced to its simplest form. 

The percent reactance of the generators on 60 000 kva 
is twice the values given, but since the two machines are 
in parallel, the reactance in the networks is halved so the 
above values can be used. 

Using the methods of Chap. 3, X; and X¢ of each line 
equal 39.7 ohms. Xo equals 138.2 ohms for one line, and 
108.2 ohms for the two lines in parallel. The line reactances 
in per unit on 60 000 kva at 66 kv are: 


Single Line: 


Positive- and negative-sequence reactance Xy, X.=0.547 


Zero-sequence reactance Xo=1.90 
Two lines in parallel: 

Positive- and negative-sequence reactance XX), X,=0.274 

Zero-sequence reactance Xo=1.49 


A definite voltage is usually maintained at certain car- 
dinal points in a system, and in this case the receiver low- 
voltage bus is maintained at 0.95 per-unit voltage. The 
sending-end generator terminal voltage is desired, so it is 
convenient to combine the portion of the network between 
the two buses into a single reactance. It is: 


X.=0.434 per unit 
= 31.5 ohms. 


(40) 


The load delivered at the receiver low-voltage bus is 
50000 kw (0.833 per unit) at unity power factor. The 
current in the network is: 

= 0.833 ‘ 
L=5 95 70.877 per unit 
= 460 amperes. 


(41) 


With this current flowing, the terminal voltage of the 
sending-end generator is: 


Esg=0.95+0.877(j0.434) 
=0.95+ 0.381 
= 1.023)" per unit 
= 39.8¢i° kv line-to-neutral 


(42) 


_ With the above quantities determined, all necessary 
information is available to compute the scnding- and 
receiving-end power-circle diagrams. This is often done 
In practical problems in order to determine the initial 
Operating conditions, but in the problem this information 
ls given, so circle diagrams are not necessary. 
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26. Transient Stability Calculation 

The most critical type of transient disturbance that 
receives consideration in stability studies is that arising 
from the application of a fault and the subsequent switch- 
ing necessary to isolate the fault. In this problem a zero- 
impedance double line-to-ground fault is assumed to take 
place at the sending end of one of the transmission lines 
as shown in Fig. 31. Both ends of the faulted line are 
opened simultaneously to clear the fault. The problem is 
to determine the maximum permissible time between the 
inception of the fault and the opening of the circuit 
breakers for which stability can be maintained. The time 
thus determined is not the breaker operating time that 
would normally be used but the maximum operating time 
which could be allowed and still maintain stability. The 
ability of a system to withstand a double line-to-ground 
fault is often, but not invariably, taken as the criterion of 
system stability. 

The first step is to calculate and plot power-angle dia- 
grams (See Chap. 10; Chap. 18, Sec. 2) for three circuit 
conditions: (1) the initial condition immediately prior to 
inception of the fault, (2) the condition during the fault, 
and (3) the condition after the fault is isolated. Since in 
this case the receiver has infinite inertia, its angular posi- 
tion remains fixed and it is necessary only to calculate 
power-angle diagrams for the sending end. The equation 
relating sending-end power to the known circuit quantities 
(See Chap. 9) reduces to the following in this problem 
because losses have been neglected: 

7 

Ps= ~ HBF =R og (90°-+6) 
in which @ is the angle between the internal voltages ics 
and H,_,. Since the power-angle diagrams are to be de- 
termined for transient conditions, the voltage behind tran- 
sient reactance #45; must be used, and the value of Y 
must be determined using generator transient reactance 
zy. The generator internal voltage, or voltage behind 
transient reactance is the vector sum of the terminal volt- 
age of the machine and the voltage necessary to force the 
load current through the transient reactance. 


E4_5=0.95-+j0.381 +0.877(j0.254) 
= 1.1268" per unit 


(43) 


(44) 
Because of the times involved in transient disturbances, 
the internal voltage of the machine is generally considered 


constant (Sec. 30, and Chap. 6, Sec. 21), so this value of 
E%4_s is used for the entire calculation. 


0.95 


Fig. 32—Single-machine system. Network before the fault 
eccurs, 
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Before the Fault-The network to be used in calculating 
the sending-end power before the fault is shown in Fig. 32. 
All necessary constants are known, so that, 


_ _ (1,12)(0.95) 
Ps3= 0688 cos (90+ 6) 


= —1.55 cos (90+6) per unit (45) 


During the Double Line-to-Ground Fault-The first 
step in determining the power-angle diagram during the 
fault is to reduce the negative- and zero-sequence networks 
to single equivalent reactances to be applied at the point 
of fault, (Sec. 10). The constants to be used in the nega- 
tive- and zero-sequence networks are known, so these net- 
works can be drawn readily. They are shown in Fig. 33 (a) 


j0.0762 
F 


Fig. 33—Single-machine system. Networks for use during the 
double line-to-ground fault. 
(a)—Negative-sequence network. 
(b)—Zero-sequence network. 

(c)—Network during the fault. 
(d)—Network (c) reduced. 


and (b), and to the right of each is the single equivalent 
reactance to which each network reduces. Since the fault 
is double line-to-ground, these two equivalent reactances 
must be paralleled (Chap. 2, Fig. 21) and connected at the 
point of fault. This is illustrated in Fig. 33 (c) which finally 
reduces to the network of Fig. 33 (d) by a simple star-delta 
conversion. With all losses neglected, the sending-end 
power is determined by Eq. (43). The shunt branches of 
Fig. 33 (d) need not be considered, as they only affect 
reactive power transfer. If maintained internal voltage 
had not been assumed and it was required to consider the 
demagnetizing effect of shunt loads, the shunt branches 
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would be considered. As the generator internal voltage or 
voltage back of transient reactance is assumed to remain 
constant, the same voltages calculated for the condition 
before the fault apply, and 


Ps =— le os (90+8) 


= —0.370 cos (90+8) per unit. (46) 
After the Fault—When the faulted line section is igo- 
lated from the system, the network to be used for calcyu- 


j0.547 . 


j0.254 j0.08 


X= 50.957 


Fig. 34—Single-machine system. Network after the fault is 
isolated. 


ER 095 


lating Ps” is that shown in Fig. 34. Using the constants 
given, the sending-end power equation becomes: 


(1.12) (0.95) 
Wo ne NE Ne 
P,’= 0.987 cos (90+6) 


=-—1.11 cos (90+86) per unit. (47) 


Power-Angle Diagrams and Limiting Angles— 
Equations (45), (46), and (47) are plotted in Fig. 35 as a 
function of 6, giving the power-angle diagrams of the 
single-machine system for the condition assumed. In- 
spection of the diagram or solving Eq. (45) for @ with 
P,=0.833 per unit shows that before the fault occurs the 
system is operating at an angle of 32.3 degrees. The maxi- 
mum angle (critical angle of Sec. 4 and 6) to which the 
machine can swing, after the fault is isolated, without loss 
of stability is 131.6 degrees. This angle can be read from 
Fig. 35 or calculated by determining the value of @ between 
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Fig. 35—Power-angle diagrams for single-machine syste™- 
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90° and 180° that will satisfy Eq. (47) with P,”=0.833 
per unit. This is the maximum value that @ can reach 
without the system becoming unstable. If the angle @ ex- 
ceeds 131.6°, then the mechanical input to the sending-end 
generator exceeds its electrical output (see Fig. 35), and 
the generator pulls out of synchronism. By the equal-area 
method described in Sec. 6, an angle of approximately 57 
degrees is selected as the maximum angle at which the 
fault can be isolated if stability is to be maintained. 

Angle-Time or Swing Curves-—-To determine the 
time of fault isolation corresponding to 57 degrees, 6 is 
determined as a function of time by a step-by-step method. 
The method is described in detail in Sec. 23, and a con- 
venient means of calculating is to use the tabular form 
illustrated by Table 2. Such a calculation is carried out in 
Table 3, using this form. The first part of Table 3 assumes 
that the fault is not isolated, and the rapid increase in 
indicates how fast the system becomes unstable under 
these conditions. Note that the low inertia constant 
(H=3 kw-sec/kva) of the generators permits them to 
change angular position rapidly, so that relatively small 
time intervals, 0.05 seconds, are chosen for the calculation. 

As previously explained, the velocity is assumed con- 
stant over each period, but the acceleration is assumed 
constant from the middle of one period to the middle of 
the next. This is done to minimize cumulative errors. 
Column 6 shows how this is done. 
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The second part of the tabulation assumes that the fault 
is isolated in 0.15 seconds, since in this time @ has increased 
to 57.2 degrees which matches closely the 57 degrees chosen 
as the maximum switching angle to maintain stability in 
Fig. 35. The terms —0.15 and +0.15 seconds in column 1 
indicate the increments of time before and after the break- 
ers open. Note the changes in columns 6, 7, and 9 for the 
—0.15 second time. The calculation indicates that sta- 
bility is maintained, since @ reaches a maximum value less 
than the critical angle of 131.6 degrees. The calculation 
is carried far enough to show that @ begins to return to the 
new operating point. 

The angle-time or swing curves resulting from the step- 
by-step calculation are plotted in Fig. 36. Curves A and B 
are the graphic plot of the calculations carried out in Table 
3. They show more clearly that stability will be lost 
quickly if the fault is not isolated and that stability is 
just maintained if the total fault clearing time is not 
greater than 0.15 seconds. Curves C and D have also been 
calculated by the step-by-step method, and show that 
stability is lost for fault clearing times slightly longer 
than 0.15 seconds. 


27. Assumptions Made in Solving Two-Machine 
Problems 


The two-machine problem given below is an example 
of the manner in which this problem can be solved by 


TABLE 3—STEP-BY-STEP CALCULATION OF ANGLE-TIME CURVES FOR SINGLE-MACHINE SYSTEM 


180 x60 
H=3 k= axt 3600 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
. AP, Me- | Accelera- : 

Time in Sec; Angle @ at Meee chanical tion, mevelory: NSloeity Velocity : Angular 6 Final 

; eee Aaa ower : tion Time | Change, ’ |Angle-Time 

at Beginning} Beginning 0 Input Minus} Degrees Degrees Change, Angle, 

utput, . Increment,| Degrees Increment 
of Interval | of Interval P : Electrical per Sec per Second Degrees Degrees 
er Unit 0 Seconds | per Second 
utput per Sec 
— = _ 0.833 — (3) (4) Xk _ (5) X(6) | (7) +(8)o-1 _ (8) X (9) (10) +(2) 
0.0 32.3 0.199 0.634 2285 0.025 57.0 57.0 0.05 2.85 35.2 
0.05 35.2 0.213 0.620 2230 0.05 111.5 168.5 0.05 8.43 43.6 
0.10 43.6 0.255 0.578 2080 0.05 104.0 272.5 0.05 13.6 57.2 
0.15 57.2 0.312 0.521 1880 0.05 94.0 366.5 0.05 18.3 75.5 
0.20 75.5 0.358 0.475 1710 0.05 85.5 452.0 0.05 22.6 98.1 
0.25 98.1 0.367 0.466 1680 0.05 84.0 536.0 0.05 26.8 124.9 
0.30 124.9 0.303 0.530 1910 0.05 95.5 631.5 0.05 31.6 166.5 
0.35 TOB.5 lise teenie oa pete tee cteie dda Ra Yas Raa Cie god Odessa ape ier Petavarat at ees ole teddies acbeatdeal| ard mod, Ateshe Ryall in Slety ae Anata cal atyshe AUR et 
Fault Isolated in 0.15 Seconds 
—O0.15 57.2 0.312 0.521 1880 0.025 47.0 B20! hha corset mcf arvigtstercada snl | ete bya diet 
+0.15 57.2 0.936 —0.103 —372 0.025 —9.3 311 0.05 15.5 72.7 

0.20 72.7 1.063 —0.230 —829 0.05 —41.5 269 0.05 13.5 86.2 
0.25 86.2 1.112 —0.279 — 1000 0.05 —50.0 219 0.05 11.0 97.2 
0.30 97.2 1,105 —0.272 —977 0.05 —48.9 170 0.05 8.5 105.7 
0.35 105.7 1.071 —0.238 —858 0.05 —42.8 127 0.05 6.4 112.1 
0.40 112.1 1.032 —0.199 —714 0.05 —35.7 91 0.05 4.6 116.7 
0.45 116.7 0.996 —0.163 —588 0.05 —29.4 62 0.05 3.1 119.8 
0.50 119.8 0.963 —0.130 —460 0.05 —23.4 38 0.05 2.0 120.8 
0.55 120.8 0.958 —0.125 —450 0.05 — 22.5 16 0.05 0.8 121.6 
0.60 121.6 0.950 —0.117 —420 0.05 ~21.0 —5 0.05 —0.2 121.4 
0.65 121.4 0.950 —0.117 —420 0.05 —21.0 — 26 0.05 —-1.3 120.1 

a A ee ee Sa ee ee 


6-DEGREES 


0 0.1 0.2 0.3 0.4 0.5 0.6 
TIME—SECONDS 


Fig. 36—Angle-time curves for single-machine system, 


A—Fault not cleared. 

B—Fault isolated in 0.15 sec. 
C—-Fault isolated in 0.16 sec. 
D—Fault isolated in 0.17 sec. 


calculation. A number of simplifying assumptions are 
made, most of which are conservative. 

The common assumptions are listed, together with refer- 
ences from which their effect can be determined. 


1. Impedance of the load is constant (Sec. 9). 

2. Effect of saliency is generally neglected (Sec. 15). 

3. Negative-sequence loss varics as [3 for all machines (Chap. 
6, Part XIII). This assumption is inherent in the method 
of symmetrical components (Sec. 10). 

4. Rated-current transient reactance is normally used (Chap. 
6, Part XII). 

5. The losses in generators are sometimes neglected. This is 
permissible when the output of the machine during the 
fault is large compared with its losses. Typical generator 
resistances are given in Chap. 6. The loss due to the uni- 
directional component of short-circuit current is discussed 
in Chap. 6. 

6. The internal voltage or voltage behind transient reactance 
is assumed to remain constant during a transient disturb- 
ance (Chap. 6, Sec. 22). 

7. The effect of negative-sequence torque is generally neg- 
lected (Sec. 10). 


Almost all of the above assumptions are conservative, 
and the net effect is conservative. More accurate calcula- 
tions can be made by referring to the references given, but 
this is not usually done because more margin than is ob- 
tained by these assumptions is necessary for safe operation 
of a system from the standpoint of transient stability. 

Generally, the first step in the calculation of a two- 
machine problem is to draw the sending-end and receiving- 
end circle diagrams, which would be used to determine the 
operating conditions of a system at the time of a fault 
(Chap. 10, Sec. 21). In this problem this information is 
given. 


28. Description of Two-Machine System 


The two-machine system assumed for study is illustrated 
in Fig. 37. The sending end is the same as in the single- 
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machine problem. Transformer resistance is included, but 
generator resistances are not. Including resistance, the 
transformer impedance becomes 1+j8 percent. The line 
data in ohms using the methods of Chap. 3 are: 
Single line: 
Positive- and negative-sequence 
impedance 


Zi, Z2=12.9+439.7 
Zero-sequence impedance 


Zo= 27.2+3138.2 
Two lines in parallel: 
Positive- and negative-sequence 
impedance 


Z1, Z2=6.43-+719.9 
Zero-sequence impedance 


Zo= 20.7 +5108.2 
The receiving-end data are: 
Generators: 
Two 62 500-kva, three-phase, 60-cycle turbine generators 
Unsaturated synchronous reactance Za=125 percent 
Rated-current transient reactance ra’ = 15.6 percent 
Negative-sequence reactance Z2= 9.8 percent 
Inertia constant (kw-sec/kva) H=5 
Shunt load: 


115 000 kw at 85 percent power factor located at receiving- 
end low-tension bus. Load is represented by a constant 
impedance. 


2-66 KV LINES 
50 MILES 


a nee: 


SENDING END 


LOAD 
RECEIVING END 


Fig. 37—-Two-machine system assumed for study. 


29. Circuit Constants 


The two-machine problem is also calculated using the 
per-unit system. The kva base is optional, so for simplicity 
60 000-kva base is again used. 


The circuit constants in per unit on 60000 kva are. 
Transmission lines: 
Single line: 
Positive- and negative- 
sequence impedance 
Zero-sequence impedance 
Two lines in parallel: 
Positive- and negative- 
sequence impedance 
Zero-sequence impedance 


Zi, Z:=0.177 +70.548 
Z=0.373 +]1.90 


Zi, Z.=0.0883+ 70.274 
Zo=0.284 +7149 
Receiving End: 
Each Generator: 
Conventional synchronous 


reactance rg = 1.20 
Rated-current transient reactance rq’ =0.15 
Negative-sequence reactance z2= 0,094 
Inertia constant (kw-sec/kva) H=5 


Shunt load: 


The shunt load is 1.92 per unit at 0.85 lagging power 4 
factor, or 1.92+ 1.19 per unit. ‘3 
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Since the machines are in parallel, the above values must 
be divided by two before insertion in the sequence networks. 

The capacitance of the two 50-mile transmission lines is 
neglected in this problem. This is justified on the basis of 
calculations that show the line capacitive reactance to be 
nearly equal in magnitude to the transformer magnetizing 
reactance, and the latter has also been neglected. Con- 
sideration of line capacitive reactance and transformer 
magnetizing reactance would add in no way to the prob- 
lem’s effectiveness in illustrating a typical stability calcula- 
tion, nor would it add to the generality of the networks in- 
volved, since the load introduces a shunt branch. If it is 
necessary to include these effects, Chap. 3 gives line con- 
stants, Which may be converted to general circuit (ABCD) 
constants by Table 9, Chap. 10 or by Chap. 9, Sec. 6. The 
equivalent m form is given in Chap. 9, Sec. 6. The appendix 
vives equivalent circuits for transformers, which can be 
introduced into the circuit. 

As in the single-machine problem, voltage is considered 
to be maintained at the receiving low-tension bus. The 
receiving-end maintained bus voltage is 36.2 kv line-to- 
neutral (95 percent of normal). With voltage maintained 
at this point, 1t is again convenient to combine the net- 
work between the low-voltage buses into a single set of cir- 
cuit constants. These quantities are tabulated in the first 
four columns of Table 4 in terms of the familiar ABCD 
constants (See Chap. 10), which are used in this problem 
to facilitate the handling of the network involving shunt 
branches. The ABCD constants for one line plus the trans- 
formers, and for two lines in parallel plus the transformers, 
can be written immediately without further calculation by 
using the quantities given above and Network Number 1 
of the tabulated formulas for ABCD constants given in 
Chap. 10. These two sets of constants are listed in Table 4, 
Cols. (1) and (2). Since the load also forms part of the net- 
work between the points of maintained voltage, it will be 
combined with the constants of Cols. (1) and (2) to give 
those listed in Cols. (3) and (4), respectively. This is ac- 
complished by using Network Number 10, Table 9, 
Chap. 10. 

The load at the receiver low-tension bus is 1.92 per unit 
at 85 percent power factor, or 1.92+ 71.19 per unit. Part 
of the total kva is supplied by the sending-end generators 
and part by the receiving-end units. For this problem, it is 
assumed that the sending-end station is delivering 50 000 
kw (0.833 per unit) at unity power factor to the load. This 
dictates that the receiving-end station is delivering 1.08+ 
j1.19 per unit to the load, or 1.08 per unit real power at 
67.4 percent power factor. With 0.833 per unit real power 
coming to the load through the network, the current drawn 
through the network is 


> 08 
dae 33 _ 0.877 per unit at 100 percent power factor 
0.95 (48) 
Note that this expression is identical to Eq. (41). With the 
above current flowing, the sending-end low tension bus 
Voltage is 
Es=0.95+0.877 (0.108+ 0.434) 
=1.045+ 70.381 per unit 
=1.11 € ®® per unit 
=42.5 ¢ 320° ky line-to-neutral. 


(49) 
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The current flowing to the load from the receiving-end 
machines, when they are delivering 1.08+71.19 per unit 
power (1.605 per unit power at 67. percent power factor) is 

z _ 1.605 

R 0.95 
Ip 


=1.69 per unit at 67.4 percent power factor. 


=1.14—j1.25 per unit (50) 


=599 —j658 amperes. 


30. Transient-Stability Calculation 


In the single-machine problem the most severe type of 
transient disturbance was considered, namely, the applica- 
tion of a fault and its subsequent isolation. The same dis- 
turbance is considered in the present problem, and the 
same zero-impedance double line-to-ground fault located 
at the sending end of one transmission line is used. This is 
shown in Fig. 37. The circuit breakers are assumed to 
open simultaneously to isolate the faulted line, and again 
maximum permissible time between fault inception and 
breaker clearing to maintain stability is to be determined. 
Here again it becomes apparent that prompt switching is 
imperative if the assumed load is to be carried. _ 

Before plotting power-angle diagrams for the sending 
and receiving ends for the three circuit conditions, (1) be- 
fore, (2) during, and (3) after the fault, it is necessary to 
calculate the generator internal voltages using the known 
terminal voltages, #; and H, and the generator rated- 
current transient reactances (xy’). The sending-end inter- 
nal voltage is: 


Hj_3=1.045+70.381+0.877 (j0.254) 
=1.045+70.604 per unit 
= 1.21€!8° per unit 


(51) 
= 46.2613 kv line-to-neutral. 


The receiving-end voltage behind transient reactance, 
remembering that EH, is 0.95 per unit volts, is 


E', =0.95-+ (1.14 —J1.25) (0.075) 
=1,044-4+-70.0855 per unit 
=1.048e)4”" per unit 
=40¢i47 kv line-to-neutral. 


(52) 


Before the Fault—-The network for use in calculating 
the sending- and receiving-end power is shown in Fig. 38. 
Since the equivalent circuits of the generators consist of a 
series impedance, their ABCD constants can be written 
down without calculation. These are listed in Col. (5) and 
(6) of Table 4. Now using Network Number 16 from the 
tabulation of ABCD-constants formulas of Chap. 10, the 
ABCD constants for the entire system can be determined. 
The results are given in Table 4, Col. (7). To illustrate the 


G) ABCO 
TABLE 4 GOL.4 
eiere@ cae 7{. E'g-r 0 
| 21.048 


Fig. 38—Two-machine system. Network before the fault 
occurs. 


0+j0.254 
SOO 


0+j 0.075 
YOOQ 


0 E4y-s 
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method, the B constant is calculated below. Subscript 1 
denotes the receiving-end generator; 2 denotes two parallel 
lines with transformers and load; and 3 the sending-end 
generators. 


B =A;(B,A,+D,B:) + B3(BiC.+D,D2) 
= (1+ 70)[(0+ 70.075) (1.799-+-70.774) + (1+ 0) (0.109 
+ 70.434) ]+ (0+ 30.254) [(0+j0.075) (2.11 —j1.31) 
+ (1+ 70) (1+30)) 
=0.011+ 70.847 = 0.847 €i892°, 


The real parts of equations 85 and 86, Chap. 9 can be 
expressed in the form: 
Ps= ie cos (@—8) — Exkis 


5 00s (B+9) (58) 
and Pp= —E2 4 cos (pa) +878 cos (8—8). (54) 


Where Ps and Pe are the sending- and receiving-end 
power, Hs and E’p are their respective internal voltages 
from equations (51) and (52), and a, 8, and 6 are the vector 
angles of the A, B, and D constants, respectively. Positive 
direction of power flow is out of the sending-end generators 
and into the receiving-end generators. 

Ps and Px for the condition before the fault can now 
be calculated. 


1.110 
any 2 Oo fe) 
P,= (1.21) 0.847 °°8 (89.2°—8.2°) 
_ (1.21) (1.048) : 
0.847 cos (89.2°+6) 
=0.300—1.50 cos (89.2°-+8) per unit. (55) 
2.50 
a 2 Oo 
PR (1.048) 0.847 cos (89.2°—31.5) 
(1.21) (1.048) 7 
sr y.7, cos (89.2°—6@) 
= —1.73+1.50 cos (89.2°—@) per unit. (56) 


During the Fault—As in the single-machine system, 
the negative- and zero-sequence networks must be deter- 
mined, reduced to single impedances, and applied at the 
point of fault. Both of these networks can be readily 
constructed as all of the circuit constants are given in 
Sec. 29. The negative- and zero-sequence networks are 
shown in Fig. 39 (a) and (b), and at the right of each the 
single equivalent impedance that represents the network 
is shown. Because the assumed fault is double line-to- 
ground, the two single impedances representing the nega- 
tive- and zero-sequence networks must be paralleled before 
they are applied to the point of fault (Chap. 2, Fig. 21). 
The complete network for use during the fault is shown in 
Fig. 39 (c), which includes this resulting shunt impedance. 

It is now necessary to reduce the network of Fig. 39 (c) 
to one set of circuit constants before the power equations 
can be solved. To do this involves a rather general usage 
of ABCD constants and the necessary steps will be in- 
dividually traced. The first step is to obtain the network of 
Fig. 39 (d), which is readily accomplished. The sum of the 
sending-end generator and transformer impedances form 
the left-hand branch, the receiving-end generator imped- 
ance alone forms the right-hand branch, and the shunt 


Power-System Stability Basic Elements of Theory and Application 


0.177+j 0.543 Fo. 
j 0.047 7 
3 
S009 ; 
| 2 
0.338 | ou 
+j0.2105; No © 
| ° 
paren | 


F 
QOQOQ00 
10.2844) 1.49 
(2 LINES) WY 
| QO000 
{ F 
! 


A) 4 


0.00971+j0.0757 


0.01+j0.334 


0.00998 
+j0333 


A=1672+j0.617 
B =0.099+j0.354 
C# 1725 -j30.2 
D= 7.65~j0.96I 


(e) 


A=IL89+j 6.06 
8 =0.0413+3.78 
6 £17.25 j30.2 
0=9.91 +j0.331 


(f) 


Fig. 39—Two-machine system. Networks for use during the 
double line-to-ground fault. 


(a)—Negative-sequence network. 
(b)—Zero-sequence network. 

(c)—Complete network during the fault. 
(d)—First reduction of complete network. 
(e)—Second reduction of complete network. 
(f)—Final reduced network during the fault, 


branches consist of the impedances representing the load 
and the fault, both of which are taken directly from Fig. 
39 (c). The center unit is found by paralleling the two 
transmission lines and adding the receiving-end trans- 
former impedance. The latter renders one series imped- 
ance for which the ABCD constants can be written without 
calculation. The network of Fig. 39 (d) is thus complete, 


and the next step is to simplify this network to that shown 4% 
in Fig. 39 (e). This step combines the two shunt branches 4 


into the general circuit constants and can be performed 


by using Network Number 12 of the table of formulas for § 
ABCD constants given in Chap. 10. Before using Network j 
Number 12, the two shunt branches must be converted .j 
to admittances by taking the reciprocal of the known ¥ 
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TABLE 4—CIRCUIT CONSTANTS FOR Two-MACHINE SYSTEM 
a ee 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
= One Line Two Lines One Lige ign Pinks pending: | Aeteivinee System System System 
5 : : with with End End . 
pee with with : Before During After 
can ee es Transformers | Transformers Gener- Gener- tt 
2 | Transformers | Transformers The Fault The Fault The Fault 
ZS and Load and Load ators ators 
1+ 70 1+ 30 2.344 91.24 | 1.7994 30.774 1+ 30 1+ 0 2.13+71.307 | 11.894 76.06 | 2.674 71.771 
Al a0 <i 2.666i77 1.955 €i%33 i? i 2.50 €i315 13.3429 3.21 ¢i8-5 
, | 0.197 +70.708 | 0.109 +-70.434 | 0.197 +70.708 | 0.109-+70.434 | 0+ 70.254 | 0+ 70.075 | 0.0114 70.847 | 0.0413-+73.78 | 0.064+ 71.161 
BY) 0.735 ¢it4 0.448 175-9 0.735 ¢i74-4 0.448 €i75-9 0.254619 =| 0.075! | 0.847189? 3.79 i893 1.162 ¢i86-8 
a 0 0 2.11—71.31 2.11—Jj1.31 0 0 2.11—71.31 17.25 —j30.2 2.11 —J1.31 
¢ 2.48 e~ 531-8 2.48 €— 331-8 2.48 e— i318 34.7 €7 160-2 2.487118 
1+j0 1+ 70 1+ j0 14+ 70 1+ j0 1+ 0 1.098 +70.1583 } 9.91+70.331 | 1.098+70.1583 
a e/9 1? i? 30 ¢i0 J? 1.110618? 9.91e!9 1.110638 


impedances. The fault and load branches expressed as 
admittances are, respectively: 


1 
¥ 6 =——__—_—_—_ = 2. 36-718. L : 
8 0.00706-10.0542 2.36 —718.14 per unit (57) 
and 
1 
= = 2,11 ~ 71.31 it. 58 
e=ju0Ro ®) 


Now the network of Fig. 39 (e) is complete, and it re- 
mains only to combine the two series impedances with the 
central set of circuit constants, and Fig. 39 (f), the final 
reduction, is determined. This simplification is performed 
by using Network Number 16 from the table in Chap. 10 
referred to above. The sample calculation of the B con- 
stant, for the network used before the fault, will illustrate 
the method. Col. (8) of Table 4 gives the final circuit 
constants for use during the fault. Using these circuit 
constants and the previously calculated internal voltages, 
which we assume to remain constant, all quantities are 
available for calculation of Ps’ and Pr’, the sending- and 
receiving-end power during the fault. Substituting in 
qs. (53) and (54), 


Ps! = (1.21) Se cos (89.3°—1.9°) 


_ ees cos (89.3°+6) 


= 0.1753 —0.335 cos (89.3°+) per unit. 


13.34 
P — . 2. i Lape : ° 
R (1.048) 379 °° (89.3° — 27.0°) 


(1.21) (1.048) - 
2 ema oe cos (89.3° —6) 


= — 1.797-+0.335 cos (89.3°—6) per unit. (60) 


After the Fault—The network for use in calculating 
sending- and receiving-end power after the double line- 
to-ground fault has been isolated, is shown in Fig. 40. 
Except for the fact that one transmission line only is in 
Service, the network is identical to that which applied 
before the fault occurred. Exactly the same procedure 
's followed in arriving at the final set of circuit constants, 
and these constants are listed in Col. (9) of Table 4. 
The power equations after the fault become; 


(59) 


o E4s 0 ABCD 0 E'y_po 
«1.21 TABLE 4 COL.9 11.048 


Fig. 40—Two-machine system. Network after the fault is 
isolated. 


1.110 
He 2 Oo 0 
Pg!’ = (1.21) i162 °°S (86.8° —8.2°) 


__ (1.21) (1.048) , 
1162 cos (86.8°-+ 8) 
=0.276—1.09 cos (86.8°+6) per unit. 


PR’ = — (1.048)? sat cos (86.8° —33.5°) 


(61) 


2 
1.162 
(1.21) (1.048) Be 
Ceo cos (86.8°—8) 


= —1.726+1.092 cos (86.8°—9) per unit. (62) 


ONE LINE IN SERVICE 


POWER-PER UNIT 


TING 
a AN 


“DURING 2L-G FAULT 


(ies 2 


90 
O-DEGREES 


Fig. 41—Sending-end power-angle diagrams for two-machine 
problem. 
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Power-Angle Diagrams—F qs. (55), (59), and (61) are 
plotted in Fig. 41 as a function of 6, giving the sending- 
end power-angle diagrams for the conditions assumed. The 
receiving-end diagrams are plotted in a similar manner 
from Eqs. (56), (60), and (62). These are shown in Fig, 42. 
The solution of the receiving-end power equations to obtain 
Jig. 42 renders negative values, because positive direction 
of power flow was chosen as being into the receiving-end 
generators. In Fig. 42 the per-unit power scale is plotted 
as positive, because this is believed to be less confusing 
than negative values. This is permissible if the change in 
sign 1s recognized when performing the step-by-step solu- 
tion for angle-time curves. 

Note that in Fig. 41 the sending-end input is indicated 
by the horizontal line as 0.917 per-unit. This figure is the 
sum of the 0.833 per-unit power delivered to the load plus 
the line and transformer losses. Since line capacitance is 
neglected (Sec. 29) the total volt-ampere consumption in 
the system is, 


I°Z = (0.877)?(0.109-+ 30.434) 
=0.0838+ 0.334 per unit 
= 5000+ 720 200 kva. 


The in-phase portion, or loss, is 0.0838 per unit, sothat the 
total sending-end power is 0.833+0.0838 =0.917 per unit. 
The receiving-end power-angle diagrams of Fig. 42 show 
the receiving-end input to be 1.083 per unit, which is the 
same figure as the power delivered to the load from the 
receiving bus, since there are no losses present in that end 
of the network. 

The initial operating angle is 6=25.3 degrees as indi- 
cated in Figs. 41 and 42. This is the angular difference in 
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Fig. 42—Receiving-end power-angle diagrams for two-ma- 
chine problem. 


electrical degrees between the rotors, or internal voltages, 
of the sending- and receiving-end ‘machines before the 
fault occurs. This figure of 25.3 degrees can be readily 
checked by taking the difference in angle of the internal 
Voltages expressed in Eqs. (51) and (52). This serves 
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as a quick check on the calculation of the power-angle 
diagrams for the condition before the fault. 

In the single-machine problem it was possible to estimate 
the maximum angle of fault clearing by simply balancing 
positive and negative areas on the power-angle diagram 
(See Sec. 26). This was possible because the movement, of 
only one machine rotor had to be followed. In the present 
case, this equal-area method can not be applied beeause 
stability or instability is determined by the relative angular 
position of two machines. The maximum rotor-displace- 
ment, angle before fault isolation is not determined from 
the power-angle diagrams, but will be found as a part of 
the calculation of angle-time curves. 

Angle-Timeor Swing Curves—Theangle-time curves, 
which relate time to angular displacement, are most 
conveniently determined by the step-by-step integration 
method described in Sec. 23. The calculation is similar 
to that carried out for the single-machine system except 
that the angular swing of both sending and receiving 
machines must be traced during each time interval. 

The best description of the actual procedure is had by 
referring to Table 5 in which the angle-time or swing 
curves are calculated. The form used is identical, for each 
machine, to that of Table 3, so that altogether it is similar 
to two single-machine system calculations. The calcula- 
tions for one time interval must be made for both machines 
before proceeding to the next interval. This is true because 
the one quantity relating the angular position of the two 
machines, @, is found by taking the difference in angle of 
the two machines at the end of each interval, and in order 
to find the electrical output for each machine in the suc- 
ceeding interval, this value of 6 is applied to each set of 
power-angle diagrams or calculated from the corresponding 
sending- and receiving-end power equations. To make this 
clear, refer to the first time interval in Table 5. The initial 
position of each rotor, with respect to the receiving-end 
low-tension bus voltage, is given in Cols. (2) and (12). The 
initial value of 6 is the difference between the rotor angles, 
Col. (2) minus Col. (12), or 25.3 degrees as previously 
determined. Using this value of 6, the electrical output 
from each machine is determined, and the calculation pro- 
ceeds to find the angle of each rotor at the end of the first 
interval. These figures are tabulated in Cols. (11) and (21), 
and subtracting (21) from (11) gives the new @, Col. (28), 
to be used in the next time interval. This new @ is then 
used in the power-angle diagrams, or the corresponding 
sending- and receiving-end power equations, to obtain the 
electrical output from each machine in the second interval. 
The computation is now carried on to find 6 at the end of 
the second interval, etc. 

The first part of Table 5 assumes that the fault is not 
isolated, and illustrates by the continued increase of 8 that 
the system becomes unstable under this condition. Time 
intervals of 0.05 second are used because of the relatively 
rapid swing of the sending-end machines. A comparison of 
Cols. (11) and (21) points out that the receiver machines 
swing much slower than the sending-end machines. This 
is caused by the relatively larger inertia constant and kva 
rating of the receiver generators, resulting in a much 
smaller acceleration [Col. (15) compared to (5)]. The 
second part of Table 5 assumes that the fault is isolated in 
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Fig. 43—Angle-time curves for each machine. Two-machine 
system. 
A—Fault not cleared. 
B—Fault isolated in 0.20 sec. 


C—Fault isolated in 0.17 sec. 
D—Fault isolated in 0.15 sec. 


0.15 seconds. Col. (23) shows that @ reaches a maximum 
of 98.7 degrees and then starts to return toward a new 
stable operating point. Figures 41 and 42 indicate that 
the new operating point is at an angle 6=39 degrees. 

The results of the calculations performed in Table 5 are 
given in Figs. 43 and 44. The swing of each rotor with 
respect to the fixed reference is shown in Fig. 48. Curves 
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Fig. 44—Angle-time curves for two-machine system showing 
difference in rotor angle between sending and receiving ma- 
chines. 


A—Fault not cleared. 

B—Fault isolated in 0.20 sec. 
C—Fault isolated in 0.17 sec. 
D—Fault isolated in 0.15 sec. 
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A and D of Fig. 43 represent a plot of the figures in Cols, 
(11) and (21) of Table 5. Curves B and C of Fig, 43 
represent similar step-by-step calculations for longer times 
of fault isolation. By following the trend of the sending. 
and receiving-end angle-time curves for a given fault-clear. 
ing time, the loss or maintenance of stability can be seen, 
If the phase angle difference of the two machines continues 
to increase after fault isolation, instability results, but if 
the two machines tend to move back together during thig 
time, the system is stable. It is possible for instability to 
occur on the second overswing, which is an exception to 
the above statement. This phenomenon is relatively rare 
but should be remembered in multi-machine problems, 
particularly where one or two machines are swinging very 
fast with respect to the other sources involved. Figure 43 
indicates that for fault clearing times of 0.15 and 0.17 
seconds stability is maintained, and for 0.20 seconds 
instability results. 

In the two-machine system a more convenient way of 
plotting swing curves is that shown in Fig. 44, in which the 
difference in angular displacement, 6, is used rather than 
the individual position of each machine. Referring to Fig. 
44, it is plain that the system is stable for fault isolation 
times of 0.15 and 0.17 seconds, and that stability is quickly 
lost if the fault duration is 0.20 seconds. Curves A and D 
of Fig. 44 are plotted from Col. (23) in Table 5. 


VI. SHORT-CUT METHODS OF CALCULATION 
—TWO-MACHINE SYSTEM 


Perhaps the most usual reason for making a stability cal- 
culation on this type of system is to determine how fast 
relays and circuit breakers must be made to operate if sta- 
bility is to be maintained after a fault occurs. R. D. Evans 
and W. A. Lewis presented a group of curves, calcu- 
lated for a two-machine system having the usual circuit 
elements, which permit the quick estimation of permis- 
sible fault durations for various types of faults. 


31. Assumed System 


For a complete and accurate calculation on a particular 
system it is necessary to consider all the various factors 
discussed in Part V. For determining approximate relay 
and circuit-breaker time, results of sufficient accuracy can 
be obtained, except under extreme or unusual conditions. 
The assumed system upon which the calculation of the 
general curves is based, is shown in Fig. 45, and the 


2(OR MORE) 
PARALLEL LINES 


are 


Fig. 45—System conditions assumed for study: 


Symmetrical system, high tension bus at each end; line capacitance 


and I?R losses neglected; transformer neutrals solidly grounded; if 


quick response excitation (constant internal voltage); no damper! a 
windings; frequency =60 cycles; load=100 percent at instant of % 
fault inception; faults located at most severe point on high-tensioB® - 
lines; average short-circuit losses. E 
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simplifying assumptions made for the study are included 
at the bottom of the figure. 

The results of the stability calculations are given in the 
four groups of curves, Figs. 46-49. These curves give 
directly the results for a system with the smallest inertia 
which may be expected, corresponding to water-wheel 
generators at both ends of the system. In the more usual 
case, the receiver machine will have a larger inertia con- 
stant, and correction terms to be applied to the results 
obtained from the curves, to adjust for this departure 
from assumed conditions, will be given. 


32. Application of Data 


The procedure for using the curves is as follows: 

(1) First, it is necessary to determine the reactance be- 
tween the internal voltages of the sending- and receiving- 
end machines. This reactance should be expressed in per- 
cent, based upon the total capacity of the generating units 
in operation at the time the fault occurs. If the exact 
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Fig. 46—Maximum permissible duration of fault to maintain 
stability: 


SINGLE LINE-TO-GROUND FAULT 


machine constants are not known, an average value can 
be assumed from the synchronous-machine constants given 
in Table 4 of Chap. 6. If other than full load is assumed, 
the reactance thus determined must be multiplied by the 
ratio of assumed load to full load. 

_ (2) Using the value of reactance just determined, the 
Initial angle can be found from Fig. 50. 

(3) By reference to Fig. 45, the section of line that must 
be removed from service to clear the fault is known, so 
that the ratio l, of reactance after the fault is isolated to 
the initial reactance can be determined. 

(4) Using the sine of the initial angle determined in (2) 
and the ratio lh, determined in (3), the time in cycles should 
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Fig. 47—Maximum permissible duration of fault to maintain 
stability: 


LINE-TO-LINE FAULT 


be read from the curve (Figs. 46-49) for the type of fault 
being studied. 

(5) The inertia constants for the sending- and receiving- 
end machines should be determined. If the total mechan- 
ical inertia of the machines at one end is known, the inertia 
constant for that end of the system can be determined by 
using Eq. (37) appearing in Sec. 22. In case the inertia is 
not definitely known, an average value can be obtained by 
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Fig, 48—-Maximum permissible duration of fault to maintain 
stability: 
DOUBLE LINE-TO-GROUND FAULT 
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Fig. 49—Maximum permissible duration of fault to maintain 
stability: 
THREE-PHASE FAULT 


reference to Table 8. When the inertia constants, H, in kw- 
seconds per kva, for both ends of the system are known, 
the inertia correction factor by which the values of time 
should be multiplied can be found by reference to Table 6, 
or to the following equations from which Table 6 has 
been prepared. 


ee HH, 
we ee L+H, (63) 
Hy, H, 
k,= Inertia correction factor = \ i = (64) 


Tn these equations //, and H, are the inertia constants of 
the sending- and receiving-end machines, in kw-seconds 
per kva, respectively. 

(6) If the frequency is other than 60 cycles, the result 
should be multiplied by the square root of the ratio of the 
new frequency to 60 cycles. 

(7) Tf the load at the time the fault occurs is not equal 
to the kva rating of the generators, the result should be 
divided by the square root of the ratio of the actual kw 
load to the generator rating in kva. 

Example: In order to illustrate the use of the short- 
cut method just described, the single-machine problem 
calculated in Part V of this chapter will be solved and the 
resulting maximum circuit-breaker clearing time will be 
compared to that obtained by the complete calculation. 
The assumed system is defined in Sec. 24, and the 50 000- 
kw load assumed there will still apply. 

The total generator capacity is 60000 kva and the 
transient reactance on this base, of the two machines in 
parallel, is 25.4 percent. 

The assumed transformers each have eight percent re- 
actance on a 60 000-kva base. 
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Each transmission line was calculated to havea Positive. 
sequence reactance of 39.7 ohms, which can be converted 
to percent on this same base by conventional methods, 
Each line represents 5+.7 percent on 60000 kva, and the 
two lines in parallel equal 27.4 percent. 

The receiver has no reactance since it was assumed to 
be an infinite inertia system of large capacity. 

The total reactance between gencrator internal Voltage 
and the infinite receiver is then: 


Generators 25.4 percent 
Transformer 8.0 percent 
Two lines in parallel 27.4 percent 
Transformer 8.0 percent 
Total 68.8 percent on 


60 000 kva. 
The assumed load is 50000 kw, so the ratio of actual 
load to generator rated kva is 50 000 divided by 60 000, 
or 0.833. Hence, at the present load, the reactance is, 
68.8 X 0.833 = 57.4 percent. 


From Fig. 50, the initial operating angle is approxi- 
mately 32 degrees, the sine of which is 0.53. Note that 
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Fig. 50—Initial operating angle as a function of reactance. 


the figure of 32 degrees checks closely the initial operating 
angle determined in the detailed calculation. 

When one line is switched out to isolate the fault, which 
was assumed to be double line-to-ground, the reactance 
increases to, 


(68.8+ 27.4)0.833 =80.1 percent. 


Hence, 


From Fig. 48, which applies for a double line-to-ground 
fault, corresponding to sine of initial angle=0.53 and = 
1.4, it is seen that =5.8 cycles, approximately. 

From Table 6, corresponding to H,=3 and H,=®, 
k=1.41. 

Since the initial load is 0.833 times the generator kva 
rating, the corrected maximum time to fault isolation is, 


t=5.8X wae = 8.94 or approximately 9 cycles. 
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TABLE 6—INERTIA CORRECTION FAcror, k1. 
(Computed from Eqs. (63) and (64)) 


a a a a ILL 


Us H,or H, 

or 

fe | oo. i538 4 | 8 | 10 | 1 | 12 | 50] © 

> | 9.816: 0.894] 0.943] 1.03 | 1.05 | 1.06] 1.07 | 1.13 | 1.15 
10.8041 1.00 | 1.07 | 1.21 | 1.24] 1.25 | 1.26 | 1.37] 1.41 
4 (0.9431 1.07 | 1.15 | 1.33 | 1.38 | 1.40 | 1.41 | 1.57 | 1.68 
5 |0.977| 1.12 | 1.22 | 1.43 | 1.49 | 1.51 | 1.53 | 1.74 | 1.83 
g | 1.00 | 1.15 | 1.26 | 1.51 | 1.58 | 1.61 | 1.63 | 1.89 | 2.00 
3 | 1.03 | 1.21 | 4.33 | 1.63 | 1.72 | 1.76 | 1.79 } 2.44 | 2.31 
190 | 1.05 | 1.24 | 1.38 | 1.72 | 1.83 | 1.87 | 1.91 | 2.36 | 2.58 
11 {1.06 | 1.25 | 1.40 | 1.76 | 1.87 | 1.91 | 1.96 | 2.45 | 2.71 
12) 1.07 } 1.26 } 1.41 11.79} 1.91 | 1.96 | 2.00 | 2.54 | 2.83 
50 | 1.13 | 1.37 | 1.87 | 2.14 | 2.36 | 2.45 | 2.54 | 4.08 | 5.77 
o 11.15 | 2.41 | 1.63 | 2.31 | 2.58 | 2.71 | 2.83 15.77 | © 


This figure matches the one obtained by detailed calcula- 
tion to Within the limits of accuracy of reading the curves, 
and shows that the quick-estimating curves when carefully 
applied give results that are dependable, as long as the 
actual system being considered is similar in circuit elements 
to the assumed system of Fig. 45. 

Limitations in Using Curves—The greater the num- 
ber of arbitrary assumptions and the larger the departures 
from the assumed conditions, the greater the resulting er- 
ror. However, for systems of average characteristics the 
results are satisfactory. For example, if the actual system 
has no voltage regulators, the permissible fault duration is 
materially reduced. This is particularly true for cases 
where long fault duration is permitted. Also, if there is no 
high-tension bus in the actual case, more synchronizing 
power can be transmitted while the fault is on the system, 
hut a greater increase in reactance occurs when the faulted 
line and transformers are removed as a unit from the sys- 
lem, so that the two effects are in the direction to com- 
pensate. 

Where large steam generators are closely connected to 
the receiving end of the system, the effective initial angle is 
not determined solely by the transfer reactance from the 
sending-end generators, but is usually reduced consider- 
ably by the recciving-end generators. This can be taken in- 
lo account approximately by reducing the reactance of the 
receiver machines. Where the power supplied by the re- 
cciving-end generators is greater than about three times 
that of the sending-end machines, it is safe to neglect the 
recciver reactance, and measure the total reactance to the 
receiver low-tension bus. 

In the foregoing all breakers necessary to isolate the fault 
Were assumed to open simultaneously. In practice, when 
the fault is near one breaker, a basis of discrimination for 
tripping the breaker does not exist until the first breaker 
‘4s opened; hence the two breakers operate sequentially. 
"such cases the fault duration is increased to twice the 
time of a circuit-breaker opening. Where the distance from 
the fault location to each bus is short, this will require a 

teaker-opening time of half the permissible fault duration. 
f, however, the line reactance between busing points is 
‘gh, the severity of the fault is greatly reduced and a 
nger total duration is permissible, up to probably 50 per- 
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cent longer than the figure obtained from the curves. The 
corresponding time for each breaker will thus increase to 
about two-thirds of the curve values. Consideration of the 
reactances involved will indicate a reasonable correction to 
be used in an individual case. 


Vil. METHODS OF STABILITY CALCULA- 
TION—MULTI-MACHINE SYSTEMS 


33. Simplification of Networks with Multi- 
Machine Systems 


The method of solving multi-machine stability prob- 
‘lems follows closely the procedure just described for the 
general case for two-machine systems, and the same 
steady-state and step-by-step transient procedures should 
be used. The first step in the solution of multi-machine 
problems is to set up the equivalent network for lines, 
loads, and other shunt branches and for machines as pre- 
viously described for the general two-machine system. 
Such networks involve a series impedance between each 
internal emf and the remainder of the system. Such a 
network does not lend itself to analytical calculations 
and should be replaced by mesh-connected systems with 
a single-impedance branch connecting each pair of inter- 
nal emf’s. For example, Fig. 51 shows a typical network 
for a three-machine system, characterized (1) by a hydro- 
electric source with voltage fy, and (2) by two receiver 
machines which have voltages FH, and £3, which are con- 
nected together and to the hydro-electric machine by 
transmission lines represented by equivalent 7 method. 


(b) EQUIVALENT MESH-CONNECTED NETWORK 


Fig. 51—Method of reducing networks to the form conven- 
ient for stability studies. 
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Such a network should be transformed by the methods 
previously discussed In Chap. 2 to the form shown in 
Fig. 51 (b). This network involves only (1) shunt branches 
connected directly across the internal voltage ordinarily 
assumed constant and (2) mesh-connected branches con- 
nected directly between pairs of internal emf’s. The 
power equations for such a system are readily written for 
each line in terms of the source emf’s, in magnitude and 
phase position, and the series impedance of that line. 
Thus, it is readily possible to determine the electrical 
output or input for each machine if the phase position and 
magnitude of the various internal emf’s are available. 

Analytical methods of calculation can be applied to 
systems involving more than three machines by using the 
same procedure just described in connection with the 
three-machine system of converting the network to the 
simplest mesh-connected system. Such a procedure has 
been used for the solution of four-machine systems.! 
However, the complication increases rapidly with the 
number of machines, and it is not practical to carry out 
calculations for systems with more than three or at the 
most more than four machines. 


34. Steady-State Solution for Multi-Machine 
Systems 


The determination of the steady-state stability limit 
for a multi-machine system is a problem of considerable 
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complexity..** This results from the many conditions 
to be considered and the laboriousness of the calcula. 
tions. Additional complication is introduced if, ag is 
usually the case, automatic voltage regulators are used. 
Fortunately, however, the problem when considered from 
the practical viewpoint is greatly simplified because it 
becomes one of determining whether a particular system 
is stable for an assumed load below the actual stability 
limit. Under these conditions, many of the complicating 
factors are eliminated. It is often necessary to provide g 
considerable margin between the steady-state power limit 
with fixed excitation and the assumed operating condi. 
tions. A further factor is the action of automatic voltage 
regulators in increasing limits due to phenomenon of 
dynamic stability. For these reasons little effort is dj. 
rected toward the determination of the actual stability 
limits of multi-machine systems. Instead, the problem 
takes the form of showing that the system is stable for a 
particular set of assumed conditions. Usually the impor- 
tant limit is the transient stability limit. 

The practical method of solving stability problems of 
central-station systems is by means of the a-c network 
calculator.'® Analytical methods become exceedingly la- 
borious for cases involving more than three or four ma- 
chines. The average central-station utility problem usually 
involves more than this number of machines and solution 
is more easily done by a-c network calculator. 


~ 6 MEME EERE 8 « 


See Teareponorneremserendkaduatoremenemeane ral 
Be OR AR ig toe Mee TE 


oe we 

omar > w wen wena 
Dee 9 Ee A ins. OEE Gee 
Se man mm & 
arth sontnae sani: somecmereinemmntra, 
EEE EGS Le Re Ee Lae 
et m= 69 
fs 


Lannion ivr tte 


Resistor * Reactor and 
»Auto-Transformer Units 


Resistor * Reactor and 
Capacitor Units 


Resistor * Reactor and 
Load Adjuster Units 


SINGLE-LINE DIAGRAM 


Steno SUB-STATION LOADS 
TRANSFORMER 
Resistance Voltage © Current Voltage 
Reactance Resistance « Reactance Current 
Tura Ratio Synchronous Condenser Power Faccor 


Chapter 18 


Fig. 53—The a-c network calculator at East Pittsburgh. 


35. The A-C Network Calculator 

The general design of the a-c network calculator is 
such that all of the essential elements of a modern power 
system can be reproduced in a miniature replica. The 
various parts are reproduced accurately in suitable propor- 
tion to the system values, and observations and measure- 
ments on the replica network correspond to what would 
obtain under like conditions on the power system. Suit- 
able multipliers or conversion factors readily translate the 
calculator readings of voltage, current, watts, and vars 
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into the power system values. Various power-system ele- 
ments and the corresponding calculator circuits are illus- 
trated in Fig. 52, and a general view of the calculator is 
shown in Fig. 53. 

The number and types of circuits provided in the West- 
inghouse a-c network calculator at East Pittsburgh are 
listed in Table 7. 

The power supply for the calculator consists of a 440- 
cycle, 220-volt motor-generator set, which has its voltage 
controlled by an electronic voltage regulator and an elec- 
tronic exciter to provide quick response and accurate 
regulation. The generator of this set supplies three-phase 
power to the calculator generator units, which are actually 
regulators especially designed to convert the three-phase 
power input to a single-phase power output having adjust- 
able magnitude and phase angle. 

Two independent sets of master instruments, circuit 
selector and metering controls are provided, each set be- 
ing mounted on a separate metering and control desk. 
Direct readings of either scalar or vector values of cur- 
rents and voltages, and magnitudes of watts, vars, and 
phase angles can be obtained. The two metering desks 
provide for conducting two simultaneous studies of sepa- 
rate systems with independent control of each system. 
Any calculator unit can be instantly connected to the 
metering equipment by a remote-control circuit selector 
which enables metering of system quantities at any point 
in the system. 

The determination of the electrical conditions on the 
a-c network calculator gives practical solutions for the 


TABLE 7—NETWORK CALCULATOR CIRCUIT ELEMENTS 


Number Range 
of Type of Circuit Prefix Used to Represent of Steps 
Circuits Adjustment 
22 Generator units with voltmeter, G Generator, phase-shifting transform- | Voltage: O- 400% | Smooth 
ammeter, wattmeter, and var- er, etc. Angle: 0- 360° Smooth 
meter 
18 Low-loss reactors xX Generator reactance React: O- 499% 0.2 
128 Line-impedance units > Lines, transformers, etc. Resis: 0- 399% 0.2 
React: 0- 301% | Smooth 
40 Transmission-line Pi units = Long, high-voltage transmission lines | Resis: 0- 399% 0.2 
React: 0- 301% | Smooth 
Suscept:* O- 41% 0.1 
48 Load-impedance units with load L Shunt loads Resis: 0-3990% 2.0 
adjustors and voltmeters React: 0-2400% | Smooth 
Load Adj: +10% 1% 
—_—_ 
48 Condenser units Cc Line-charging capacity, synchronous | Mfd: 0O- 4.1 0.1 
condensers, negative reactance 
36 Autotransformer units T Transformer taps, regulators 80% to 124.5% 4% 
36 1 to 1 ratio transformers M Mutual induction, or used as 2 to 1 = = 
autotransformers for extended range 
studies 
ee oe th SA ee ne ne ers | ee ee NAC aN. eas ate 3 oY 
48 Metering jumper circuits J Zero-impedance metering jumper cir- _ _ 
cuits 
ne re ili ase ate mi piscine lenses peri te pmmmanniiaenirsaihcepensioeaigpiniorowinie—iasaaici 


* 
Susceptance at each end of Pi unit, 
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many design and operating problems of electrical systems. 
The most common problems may be classified as: 


a. voltage-regulation studies for determining bus voltages, 
load-control studies and current-distribution studies, either 
as a system-design or an operating problem and for normal 
or emergency conditions, 

b. short-circuit studies for circuit-breaker and protective-relay 
application, and 

c. steady-state and transient-stability studies for determining 
the power limit of transmission systems. 


36. Transient-Stability Solutions on the A-C 
Network Calculator 


For stability purposes the problems need be considered 
merely as the solution of a set of simultaneous equations 
under successive steady-state conditions. The transient- 
stability solution, by the step-by-step procedure, is ob- 
tained by a succession of appropriately-adjusted steady- 
state conditions. 

The system is reduced to a common base and is nor- 
mally set up on the calculator on the basis of the positive- 
sequence network, using transient reactance in series with 
the generator voltage. Where large synchronous con- 
densers are involved and the inertia of these condensers 
must be considered, they are represented by a voltage 
behind the condenser transient reactance. 

The system is set up for the conditions prior to the dis- 
turbance, and the generator internal voltage, power, and 
angle are read at the point behind the generator reactance. 
The power so obtained is assumed to be the mechanical 
input to the generator and is maintained constant through- 
out the study, assuming that during the short time being 
considered, the governor cannot change. The internal 
voltage is also maintained constant throughout the study. 
The internal angle initially read is the normal angle, and 
the departure from this angle is calculated from the 
generator power output and machine dynamic charac- 
teristics. 

The fault is then applied at the desired point in the sys- 
tem by connecting that point to the neutral bus in accord- 
ance with the type of fault as described in Sec. 10. The 
internal angles and voltages of the generators are adjusted 
to the values measured before the fault was applied, and 
the power distribution read. The difference between the 
power before the fault and the power after the fault is the 
accelerating or decelerating power available for changing 
the angular position of the machine rotor. From the rela- 
tions between the machine inertia, the change in power, and 
the time interval, the change in angular position of each 
machine rotor is calculated, and the generator internal 
angles shifted to these new values. The procedure is re- 
peated for the next time interval, and so on throughout 
successive intervals until the system is proven either stable 
or unstable for the conditions being studied. 

The a-c network calculator provides a means not only 
for solving stability problems but also for obtaining the 
time variation of all the related electrical and mechanical 
quantities useful for circuit-breaker and relay application 
and for other similar purposes. The network calculator is 
also a device for simplifying networks and reducing them 
to a simpler form for more detailed study. By these meth- 
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ods, exceedingly complicated systems can be set up on the 
calculator and a practical solution obtained. 


37. Two-Reaction Method Using A-C Network 
Calculator 


The a-c network calculator also provides a means fop 
carrying out in a practical manner calculations of com. 
plicated systems using the two-reaction method*. For 
this purpose each machine should be laid out so ag to 
have two sources of voltage electrically at right angles to 
each other. The vector diagram for a salient-pole gen. 
erator under transient conditions is shown in Fig. 25. One 
of these sources would represent the voltage E.’, the mag. 
nitude and phase position of which are associated with 
the excitation and with the rotor position. At right angles 
to this vector is the voltage #,’, which represents the react. 
ance drop due to flux in the quadrature axis. The value 
of this voltage is assumed to vary instantlyT so as to 
provide the proper quadrature-reactance drop. For each 
point in the stability analysis the voltage in the quadrature 
axis is adjusted until the vector diagram is satisfied for 
the particular terminal condition. 

An alternative method requiring only one source of 
voltage for each machine is outlined in Chap. 6. This 
method uses the quadrature-axis reactance to relate rotor 
position, direct- and quadrature-axis voltages, and the 
terminal quantities. The method is, therefore, based on 
the adjustment of the network-calculator settings to al- 
low for the variation in the direct- and quadrature-axis 
voltages whose transient values are separately calculated. 

Both methods involve a cut-and-try proposition and 
are somewhat tedious. The principal merit of such a 
method is that it provides a basis for estimating the dif- 
ference in results with the two-reaction method and the 
conventional round-rotor method which is generally 
found adequate. 


VIII. SHORT-CUT METHODS OF 
CALCULATION—METROPOLITAN SYSTEM 


The discussion in Part VI describes a useful short cut in 
calculating transient stability on transmission systems. 
Similarly, a general study has been made and general 
curves presented for the quick estimation of transient- 
stability limits on metropolitan-type systems.” In this 
discussion a metropolitan-type system is considered to be 
one in which the principal power sources are steam gener- 
ating stations, located relatively close to their load centers, 
with distribution provided by a multiplicity of moderate- 
voltage circuits. The power supply to most metropolitan 
districts is of this character; there are, of course, notable . 
exceptions. 

Although most systems of this type are inherently sta- 
ble as compared to systems coupled with long transmission 
lines, nevertheless transient stability analyses are fre- ; 
quently desirable. For example, other aspects of system ‘ 


*This method was first used for analytical calculations by C- F. i 
Wagner and R. D. Evans’; it was adapted for use with the a-c network 4 
calculator by Dr. W. A. Lewis. % 

+The basis for the rapid variation of quadrature-axis flux Wa § 
shown experimentally in Reference 5. ot 
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operation, such as placing of new generation, reduction of 
short-circult kva, and flexibility of operation may suggest 
Jayouts differing from those at present in use, and it is de- 
sirable to be able to evaluate whether the desired changes 
will increase or decrease the transient limits, and whether 
the resulting value is satisfactory. 


38, General Stability Curves 


Metropolitan systems, as defined above, are similar in 
major characteristics making generalized studies practical. 
They are usually similar in the following features: 

1. With equal percent loadings the internal voltages of 
all generators are essentially in phase. 

9, With a multiplicity of circuits, the reactance of the 
connecting lines holding a generator or group of generators 
in step With the system does not change appreciably when 
a fault is cleared. 

3. With turbo-generators and short lines involved, the 
gencrator characteristics are no longer affected by the 
speed of prime mover, line charging-current requirements, 
ctc., and they tend to become fairly uniform in their es- 
sential points, such as reactances, inertia, and short-circuit 
ratio. 

These similarities make it possible to calculate transient 
stability solutions for a number of hypothetical systems 
and give the results in curve form, using the remaining 
variables as indices. The curves are then applied to specific 
layouts by determining these quantities for the specific 
case. 

Space is not justified to include the derivation of the 
general curves, but the complete procedure is described in 
the paper in which these curves were originally presented, 
“Generalized Stability Solution for Metropolitan-TypeSys- 
tems” by Griscom, Lewis, and Ellis.* In developing the 
curves some minor influences had to be eliminated from 
consideration with some sacrifice in accuracy of results. 
Such influences include resistance in the lines and the fault, 
variations in generator loading, and the effect of voltage 
regulators. The errors introduced by neglecting these in- 
fluences, and possible means for compensating for them, 
will be discussed in a later section. 

The general stability curves for metropolitan-type sys- 
tems are shown in Fig. 54. These curves assume that the 
Senerators have a short-circuit ratio of 1.0. In the paper 
originally presenting these curves, a similar set was in- 
cluded using a generator short-circuit ratio of 0.8, but the 
resulting differences are so small that both groups of curves 
‘we not included here. Part (a) of Fig. 54 consists of a fam- 
ily of curves covering the range of overall reactance X, 
plotted in terms of short-circuit current, Ira, from the 
faulted generator and the permissible fault duration, ¢. Part 
(b) is similar except that the power dropped by the faulted 
8enerator is used instead of Jrg. Part (c), as will be ex- 
plained later, provides a means of correction for resistance 
In the fault, and for other than rated initial load. Part (a) 
4pplies directly to faults at the generator terminals. For 
dults occurring at other locations, a close approximation is 
Secured by dividing rq by a factor read from Part (c) be- 
fore entering Part (a). This location factor, designated as 


"rc, is a function of the ratio of Irq to Ig, the total fault 
Current, 
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Fig. 55—Typical metropolitan-type system selected to dem- 
onstrate application of curves. 


39. Application of Curves 


An example is chosen to illustrate the application of this 
short-cut method for metropolitan systems. The typical 
system is shown schematically in Fig. 55, with reactances 
as indicated. A three-phase fault at point M will be con- 
sidered. This fault isolates generator A from the remainder 
of the system during the fault, and this unit is then the one 
most likely to pull out of step first. Generator A therefore 
becomes the “faulted generator,” and all other machines 
including those in the same group become the “remaining 
generators.” With a fault at M, the network of Fig. 55 
reduces to that of Fig. 56. The actual reduction can be 
accomplished analytically or, more easily, by using a d-c 
network calculator (since resistances are not included). 
If the network calculator is used, the actual reduction to 
the form shown in Fig. 56 need not be completed, as the 


Fig. 56—Network of Fig. 55 reduced toequivalent for fault at M. 


necessary indices can be obtained from the current read- 
ings taken to perform the reduction. From Fig. 56, the 
total reactance X between the faulted generator and the 
remaining generators is 27+15=42 percent (always on 
the rated-kva base of the faulted generator). To deter- 
mine the total fault current Ir, the branches on each side 
of the fault are paralleled: 

(27 X 15) 


ae ae 9.65 percent, 


and the total fault current is 1/0.0965=10.4 times the 
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rating of generator A. The fault current supplied by the 
faulted generator is: . 


15 ‘ 
Tea= 9% 10.4=3.7 times rated current. 
The ratio of [pc/Ir gives rra =0.357, so that now the 
indices necessary to use the curves of Tig. 54 are: 
Overall reactance X 
Current from faulted generator 
Ratio Ipo/Ip =TrG 


= 42 percent 
=3.7 X rating 
=0.357. 


Using this value of rec and interpolating for a reactance 
of 42 percent, Fig. 54 (c) gives a location factor of 0.7. The 
adjusted value of Jpg is then 3.7 divided by 0.7=5.3, and 
the permissible fault duration can now be read from Fig. 
54 (a) (by extrapolation) and is found to be 0.39 seconds, 

If the fault occurs at point N of Fig. 55, outside of the 
feeder reactor, the circuit reduces to that shown in Fig. 57, 
The overall reactance does not change, but a high-react. 
ance shunt branch is introduced to represent the reactor, 
It will be found for this case that rpg remains the same 
because it depends only on the reactance branches adja 
cent to the generators. The total fault current is greatly 
reduced owing to the presence of the 30-percent reactance 


Fig. 57—Network of Fig. 55 reduced toequivalent for faultat N, 


in series with the fault point, and becomes 2.52 times rated 
current of machine A. In this case /¢q calculates to be 0.9 
times rated current, and when adjusted for location be 
comes 0.9/0.7=1.29. When these indices are referred to 
Fig. 54 (a), it is evident that the point is beyond the range. 
of the curves, and the permissible fault duration exceeds 
two seconds. ea 
If the fault were at point O of Fig. 55, it would affect all 
four of the generators in station A more equally. Hence, 
there is a possibility that this entire group may lose syn 
chronism with the remainder of the system. In this case, 
the group should be considered as the faulted generator, 
and all indices should be expressed in terms of the rating of 
the group as a base. This solution can be compared wit 
that for generator A considered as the faulted unit, and 
the shorter of the two figures for permissible fault duration 
should be taken as the result. am 
Now, suppose that the three-phase fault occurs on the 
leads of generator A, as designated by P in Fig. 55. In this. 
case generator A must be disconnected from the system (0, 
isolate the fault, and this must be accomplished before, 
machines B, C, and D lose synchronism with the remaindef, 
of the system. Generator A is isolated from the system by 
the fault while the fault persists, and is isolated by th§; 
breaker when the fault is cleared, hence B, C, and D only; 
are considered as the faulted generators, and generator 5 
is eliminated from the calculation. By reduction of tg 
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Fig. 58—Networkof Fig. 55 reduced to equivalent for fault at P. 


network of Fig. 55 for a fault at P, the simplified equiva- 
Jent shown in Fig. 58 is obtained, the reactances now being 
expressed in percent on the combined kva rating of ma- 
chines B, C, and D. From this point the calculations are 
identical to the previous examples, and the maximum fault 
duration is determined to be 0.53 seconds. 

Unbalanced Faults—In the foregoing paragraphs 
three-phase faults have been assumed to demonstrate the 
application of the general curves. If unbalanced faults are 
to be considered, the method of symmetrical components 
can be used by adding a series impedance at the point of 
fault, which impedance is a function of the negative- and 
zero-sequence networks. This procedure is illustrated in 
Sees. 26 and 30 of this chapter and discussed in Sec. 10. 


40. Correction Factors 


As stated above, certain factors influencing stability 
were not considered in the preparation of the general 
curves. These simplifying assumptions all tend to make 
the permissible fault duration shorter, or to make the tran- 
sient-stability solution more critical. The curves of Fig. 54 
can thus be used directly for most work without applying 
correction factors since the error will consistently be on the 
safe side. It 1s appreciated, however, that the effect of 
some of these neglected considerations may be of interest 
in specific cases, so approximate corrections are presented, 
which while they are not rigorously correct, should be 
tweurate enough for most practical work. 

Effect of Resistance—The usual resistances present in 
power circuits have a minor effect on stability, except for 
the resistance in the fault circuit. Because of the very large 
currents in the fault circuit, a small resistance will result in 
ularge power loss, which in a measure compensates for the 
drop in load on the faulted generator and lessens the tend- 
eney to pull out of step. Parts (a) and (b) of Fig. 54 are 
plotted for faults at the generator terminals. Applying the 
location factor from Fig. 54 (c) converts a fault at any 
other location to its equivalent fault at the generator ter- 
minals. For each point in Part (a) there is a corresponding 
Dont in Part (b), from which may be found the amount of 
bower which would have to be dropped by the faulted gen- 
crator for the equivalent fault at its terminals. If the 
4mount of power dropped is reduced by resistance in the 
'Nes or fault, the effect would be substantially the same 
regardless of fault location. Hence the result may be found 
by reducing the equivalent amount of power dropped by 
the amount of resistance losses taken by the faulted gener- 
Ator, and reading the corrected fault duration from Fig. 
°4(b). For example, with the fault at point M of Fig. 55, a 
Clearing time of 0.39 seconds was indicated by Fig. 54 (a). 

€ same clearing time must be indicated by Fig. 54 (b), 
ence, for X =42 percent and =0.39, it is found that 100 
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percent power would have to be dropped by the machine 
if the fault were at its terminals. The curves show this 
power dropped as percent of the generator kilowatt rating, 
which is assumed 85 percent of the kva rating. If machine 
A and its transformer have a resistance of 1.5 percent, then 
with 3.7 times rated current flowing, the /°? loss in the ma- 
chine and transformer is (3.7)? 1.5=20.5 percent of the 
generator kva rating, or 20.5 divided by 0.85 = 24 percent 
of its kilowatt rating. So, instead of 100 percent load 
dropped, the equivalent load dropped is 100 minus 24, or 76 
percent. The permissible fault duration, considering the 
effect of resistance, is then determined from Fig. 54 (b) for 
X = 42 and power=76 to be 0.6 seconds. 

If resistance in the fault itself is to be considered, the 
power loss in the fault must be divided between the faulted 
generator and the remaining generators. An approximate 
method of doing this is to multiply the total loss in the 
fault. by rrc, and add this figure to the loss in the generator 
branch of the circuit. For example, for the fault at MW as- 
sume 0.25 percent resistance in addition to that of the 
generator and transformer. With 10.4 times normal cur- 
rent, (10.4)?0.25 or 27 percent of generator kva is created 
in the fault. This is equal to 27 divided by 0.85 or 31.8 
percent of generator kilowatt rating. Then multiplying by 
rq, 31.8 X0.357 = 11.3 percent power in the fault taken by 
the faulted generator. As determined above, the power 
dropped is 100 percent when X =42 percent and ¢=0.39 
seconds (from Fig. 54 (b)). When 24 percent resulting 
from generator and transformer resistance and 11.3 per- 
cent resulting from fault resistance are subtracted, 64.7 
percent remains as the equivalent power dropped. From 
Fig. 54 (b) this amount of power dropped is seen to give a 
permissible fault duration of 2.0 seconds. 

Initial Generator Load—The general curves assume 
that all generators are loaded to 100 percent of their kilo- 
watt rating. For other than rated load, first find the per- 
centage of kilowatts dropped, corresponding to X and ¢ for 
rated initial load, then multiply this by the ratio of initial 
load to full load, and read the corrected permissible fault 
duration from Fig. 54 (b), for the curve corresponding to 
X. For example, with X =42 percent, ¢=0.39 seconds, 100 
percent kilowatts is dropped, and if the initial load had 
been 75 percent instead of 100 percent, the fault duration 
can be read as t=0.61 seconds for kilowatts dropped = 
100 X0.75 =75 percent and X =42 percent. 

Voltage Regulators—Regulators with a moderate 
rate of response give a certain amount of improvement in 
stability over the amount shown by the curves of Fig. 54. 
The exact magnitude of this increase is difficult to deter- 
mine, but a reasonable idea of the improvement can be 
easily obtained by multiplying the value of [rg by 0.85 
before entering the curves of Fig. 54 (a). This gives a rela- 
tively good estimate over most of the range of the curves. 


IX. ESTIMATING PERMISSIBLE 
TRANSMISSION LINE LOADING 
41. Surge-Impedance Loading 


When a resistance equal to the surge impedance of a 
resistanceless transmission line is connected across the re- 
ceiving end of the line, a surge introduced into the sending 
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end is absorbed completely without reflection. Thus a 
sinusoidal voltage introduced into the sending end travels 
along. the line and is completely absorbed. The voltage at 
the receiving end varies sinusoidally with time, has the 
same magnitude as the voltage at the sending end, and is 
displaced by an angle equivalent to the time required for 
the wave to move from one end of the line to the other. 

The load delivered over the line to the resistance is 
called “surge-impedance loading.” Based on an average 
value of surge impedance of 400 ohms, 


SIL=2.5(kv)? (65) 


where 
SIL =surge-impedance loading in kw 
kv =line-to-line kilovolts of transmission line 
2.5=a constant derived from the average surge im- 
pedance as shown in Chap. 9. 


Thus, surge-impedance loading is a constant for lines of a 
particular operating voltage and can be used as a basis for 
comparison of lines operating at different voltages. The 
following analysis derives a simple method of determining 
the permissible loading of a straight-away transmission 
line based on a transient-stability criterion and expressed 
in terms of surge-impedance loading and the line length in 
miles. 


42, Criterion of Stability 


A rigorous determination of the power limit of a system 
is dependent upon many detailed considerations such as 
circuit-breaker clearing time, type and location of faults, 
type and speed of the excitation system, bussing arrange- 
ments, line-sectionalizing, station spacing, generator short- 
circuit ratio, generator inertia constant, etc. Even when 
extensive work is done along these lines, it is still necessary 
to apply judgment factors to calculated results. In esti- 
mating the permissible loading of long, high-voltage, 
straight-away transmission lines, a single overall criterion 
can be used rather than attempting a detailed design of the 
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Fig. 59—Hypothetical power-angle diagrams showing switch- 
ing times for maintaining stability with no margin during 
three-phase and single Jine-to-ground faults. 


Curve 1—Power-angle diagram, faulty line switched. 


Curve 2—Power-angle diagram, during single line-to-ground fault. 
Curve 0—Power-angle diagram, system normal. 
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system. This criterion is that the operating load, after’ 
switching of the faulty line, be 80 percent of the cregt of 
the transient power-angle relation. 

A justification for this particular value of 80 percent is 
given in Fig. 59. Curve 1 is a hypothetical power-angla 
diagram, based on generator transient reactance, having a 
crest of 100 percent after switching of the faulty line seen 
tion. The horizontal line Py represents the prime-mover 
input, presumed constant at 80 percent of the crest Value 
and equal to the generator rating. 

First, assume a three-phase short circuit at the generator 
high-voltage bus. The generator output will decrease from“: 
80 percent to zero and remain there until the fault ig rg 
lieved, after which it follows Curve 1. If the angle of swing :* 
is adjusted so that the area bounded by abed is equal to the | 
area bounded by aejfy, the system will have transient sta. 
bility for a three-phase fault on the high-tension bus, for — 
the time required to increase the angle from c to 6, with no 
margin. The time to increase the angle from c to b can be 
obtained if the inertia constants of the generators are . 
known. If these are waterwheel generators, H may be | 
about three. The acceleration for dropping full-power 
output is 

_180f _ (180) (60) 


HT 3 


The angle traversed in time ¢ is 


ehGa Ty ted 


= 3600 elec. deg./sec.? 


6= soe 


The angular difference, b—~c, in Fig. 59 is about 10 degrees, 
hence the required fault-clearing time 


26_ {(2)(0) 
O@ 3600 


Various details have been omitted for clarity in the fore- 
going. The power does not drop to zero because of ma 
chine losses. Curve 1 is not traced because of some decre- 
ment. Point d is not the correct starting point, but rather 
the intersection with Po of the unswitched transient power 
angle diagram, Curve 0. Also, other values of inertia’ 
constant give different required fault-clearing times. 

The approximate conclusions are that a three-phase 
fault on the generator high-voltage bus would result In. 
instability for 8-cycle and 5-cycle circuit breakers. For at 
3-cycle circuit breakers, the clearing time under ideal con? y 
ditions would be 0.067 second. However, a fault as severe ¢ 
as a three-phase fault is too rigorous a criterion. 

A similar analysis is approximated for a single phase-to 
ground fault on the generator high-voltage bus. On the:, 
basis of x»=2,=2%, the power-angle diagram during th 
fault will have a crest value of about 2/3 of Curve 1. This 
is shown as Curve 2. Equating area daghi to area gif 1V@ 
an angular change of about 32 degrees, and an approxr 
mate required clearing time of 0.275 second. This time cal 
be obtained readily with 8-cycle breakers and carrier-cur, 
rent relaying and allows considerable margin. a 

From the preceding demonstration, it is considered qu 
logical to operate a system at a loading equal to 80 percetiy 
of the crest of the transient power-angle diagram. It 18% 
interest to note that if the loading were to be increased.4 


t= 


=0.075 second. 
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85 percent of the maximum power, the area above the new 
P, jine is markedly reduced; while dropping below 80 per- 
cent increases the area rapidly, While 80 percent may not 
pe the best operating point, it is a very reasonable value. 

[n deriving the curves in Fig. 59, the generator power 


output was expressed by 
P=100 sin 6 


where 9 is the angle between sending and receiving volt- 
ages. For an actual system, the expression for generator 
power Is 

P=K,EZ+K2L,E, sin (6-5). 


If Po, the maximum operating load, is taken as 80 percent 
of the crest of the transient power-angle diagram, the area 
dejfya of Fig. 59, available to withstand transient dis- 
turbances 1s reasonably constant over a wide range of sys- 
tem layouts. Essentially, the above analysis was based on 
K,E.2 being small compared with K,H,E,. In terms of 
ABCD constants, K, is the real component of D/B while 
Kk, is the scalar value of 1/B. Unless the resistances of the 
circuits are quite high, or the lines quite long (beyond one- 
quarter wavelength or approximately 775 miles), AiE.? 
remains small compared to A.H,E,, and close comparisons 
between systems can be made with the criterion. 

‘The proposed criterion is based on holding the gener- 
ating station in step with the receiving system during 
transient disturbances, and presumes that the receiving 
system inertia is infinite compared with the generating 
system. This is substantially true for most systems in 
operation today. In particular, in order for the criterion to 
apply at all, it is necessary that pull out, should it occur, 
he due primarily to overspeed of the generating station 
rather than underspeed of the receiving system. 


43. Terminal Equipment Impedance 


The transient reactance of the generators and the leak- 
‘ge reactance of the step-up and step-down transformers 
must be added to the line impedance to obtain the tran- 
sient power-angle characteristic of the system. The react- 
ince of the terminal equipment can vary through rather 
wide limits. The generator transient reactance may be as 
low as 15 percent for turbine generators and as high as 40 
percent for slow-speed waterwheel generators. The ma- 
jority of straight-away transmission systems are in con- 
junction with waterwheel generators, and generators of 
lower than normal reactance are used to be able to operate 
the lines at higher power levels. On this basis, 25 percent 
represents a fair approximation of the generator transient 
reactance. 

A similar condition applies to the transformers in that 
the normal transformer reactance varies with voltage rat- 
ng. At 138 kv, and to a lesser extent at 230 kv, the react- 
‘neces of normally designed transformers are about ideal 
Considering the opposing requirements to limit short- 
Circuit currents and to obtain maximum stability. At 

igher voltages, however, it is advantageous to use trans- 
ormers of reactance lower than normal. A fair average 
Value of transformer leakage reactance is eight percent for 
‘ransformers at both ends of the line. 

The amount of reactance used to represent the receiving 
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system may vary considerably. For systems in which the 
transmission system supplies most of the energy used, the 
receiving-system impedance may represent a large per- 
centage of the total. Where the transmission system mere- 
ly augments the gencrating capacity already existing, and 
in particular where multiple terminals are used, each feed- 
ing into existing large systems, the receiver-system imped- 
ance may not be much greater than the reactance of the 
step-down transformer. In this analysis, the receiving- 
system impedance is taken as the receiver transformer 
reactance only for two reasons: first, it results in greater 
line loadings, reflecting possible future improvements in 
technique, and second, the stability criterion being used is 
probably on the conservative side. 


44, Permissible-Loading Curve 


With the foregoing values of reactances set, namely 25- 
percent generator transient reactance, and 8-percent trans- 
former reactance, permissible line loadings as a function of 
distance may be obtained. The procedure is to assign a 
line loading, such that, when terminal equipment imped- 
ance is added, Pp» is 80 percent of the crest of the power- 
angle diagram. The line impedances depend upon the 
operating voltages, whereas the equipment impedances 
depend upon the kva ratings. 

The first step is to obtain the power-circle diagrams of a 
transmission line of a given length and voltage including 
transformers of appropriate size. The expected loading is 
approximated or assumed, P, and Q, are available 
from the circle diagrams, and E,, the internal voltage be- 
hind generator transient reactance, can be calculated. 
The generator reactance can then be added to the trans- 
former and line constants, and the equations of the pow- 
er-angle diagram determined, and hence the crest value 
of the generator output. If 80 percent of this crest does 
not equal the loading originally assumed, the work must 
be repeated, revising the generator and transformer kva 
ratings in accordance with the deviation noted. 

When the analyses are carried through, a power-angle 
diagram will have been obtained for each line length studied 
and for each voltage rating studied, such that P) is 80 per- 
cent of the crest of the diagram. If the loadings of the lines 
are expressed in per unit of the “natural” or surge-imped- 
ance loading, there is little variation in characteristics of 
lines over a wide range of operating voltages. A curve of 
delivered power expressed in terms of per-unit surge-im- 
pedance loading and plotted as a function of transmission- 
line length in miles is shown in Fig. 60. The curve is closely 
applicable in determining transmission-line loadings based 
on transient stability for operating voltages between 69 
and 500 kv. 

As an example, the curve indicates that a 450-mile trans- 
mission line can deliver an amount of power equal to 0.69 
times the surge-impedance loading. If the operating volt- 
age were 345 kv, the line could deliver (0.69) (2.5) (345)? = 
205 000 kw. At 230 kv, the capability of the line would be 
91 000 kw. In each case, the delivered power is the value 
of Po obtained in the analyses above less the line loss, and 
is the deliverable power for rating purposes. 

Before it can be considered operable, a system must be 
stable under steady-state as well as transient conditions. 
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Fig. 60—Permissible loading of straight-away transmission 
lines as a function of line length in miles for voltages from 
69 kv to 500 ky, 


The curve of Fig. 60 is based on a criterion of transient 
stability, and it shows the permissible loading when the 
criterion is met. These results were examined for steady- 
state stability and found to be within steady-state limits 
with satisfactory margin. Therefore, the loadings for vari- 
ous line lengths may be considered acceptable under 
steady-state and transient criteria. 


X. METHODS OF IMPROVING SYSTEM 
STABILITYt 


The effect of various specific factors in the stability 
problem will be considered from the standpoint of im- 
proving system stability. For convenience these factors 
will be considered under the principal headings of ‘“Power- 
System Layout,” “Power-System Operation,’ and ‘“Char- 
acteristics of Apparatus.”” These sections are followed by 
a discussion of “Other Methods of Increasing the Practical 
Operating Power Limits.” 


45. Power-System Layout 


Power-system layouts should usually be analyzed from 
the stability point of view for the three circuit conditions 
associated with the transient, viz., before, during, and 
after the transient. Some features of layout are beneficial 
to stability for all three circuit conditions while other fea- 
tures are beneficial for one condition and detrimental for 
another; hence, the many features of power-system lay- 
out must be weighed individually in connection with each 
circuit condition. 

Series Reactance—The most obvious method of in- 
creasing the stability limit of a system is to reduce the 


¢Part X is based largely upon the “First Report of Power System 
Stability,” A.I.E.E. Subcommittee on Interconnection and Stability 
Factors, R. D. Evans, Chairman, 4.I.E.E. Transactions, pp. 261-282, 
Feb. 1937. It includes some changes and additions due to progress 


in the art. For the practices summarized in this report see App., 
Table 3. 
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transfer reactance or “through reactance” between syn. 
chronous machines, as this directly increases the synchro. 
nizing power that can be interchanged between them 
The reactance of a transmission line can be decreaseq by - 
reducing the conductor spacing. Usually, however, the « 
spacing is controlled by other features, such as lightning 
protection, and minimum clearance to prevent an are. 
from one phase involving another phase. Another meth. « 
od of reducing line reactance is to increase the conductor * 
diameter by using material of low conductivity or by 
hollow cores. Usually, however, the characteristicg of 4 
the conductors are fixed by economic conditions quitg ‘4 
apart from stability. The use of bundle conductory * 3 
(Chap. 3, Sec. 10) is an effective means of reducing gg. -. 
ries reactance. 

The transformer reactance should be kept as low ag 
practical. While some reduction from normal reactance, 
as shown in Chap. 5, is permissible, economic considerge 
tions usually prevent much departure from the lowest 
value obtainable without increasing the cost. 

The series capacitor provides another means for de 
creasing the “series” reactance of transmission systems, 
However, at times of system faults the current through 
the capacitor raises the voltage across it to several times 
normal. To protect against such overvoltages, two pro- 
cedures are available: (1) relatively expensive capacitors 
capable of withstanding the abnormal voltage can be 
used, (2) the capacitors can be designed for the maximum 
voltages produced under normal circuit conditions and 
provided with a device for short-circuiting it during the 
excess-current condition. When series capacitors are 
used with short-circuiting means, they are ineffective 
during the fault condition. However, when high-speed 
circuit breakers are used, the fault condition is promptly 
relieved and the advantage of low series reactance is ob- 
tained for the subsequent part of the oscillation. The ap- 
plication of series capacitors is discussed in Chap. 8. 

Transmission-circuit reactance drops are commonly 
reduced by adding parallel lines or increasing the circuit 
voltage. Comparisons at times are made between several. . 
low-voltage circuits and a few high-voltage circuits. Ob- 
viously, the fewer the number of circuits the greater is 
the reduction in the power limit of the layout when one 
circuit is switched out. 

Bussing Arrangements—The method of paralleling 
lines or apparatus, or the bussing arrangements, can have . 
an important bearing on system stability. High-voltage 
busses at the ends of transmission lines or at intermediate | 
points result in smaller change in the transfer reactance 
at the time of the isolation of a faulted transmission-line ,; 
section than for the case with low-voltage busses, since 
the latter involves the loss not only of the line but also of ' 
the associated transformers. During the faulted condition ; 
the shock to the system is greater with the high-voltage , 
bus than with the low-voltage bus. It is impossible t0 , 
generalize on the relative merits of high- and low-voltage } 
bus arrangements because the result in any particular case 4 
is dependent upon the relative reactance proportions of : 
the system, the type and duration of the fault, and the 
character of system grounding. The results of calculations 4 
on a particular system with alternative bus arrangements 
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Fig. 61—Effect of bussing arrangement on stability limits; 
double line-to-ground fault at sending end. 
.1—Low voltage bussing. 

B—High voltage bussing. 

System reactance shown in percent; inertia constant H =kilowatt- 

seconds /kilovolt-ampere. 


ure illustrated in Fig. 61. For faults of short duration the 
change in the transfer reactance of the system after the 
fault is cleared is more important than the shock to the 
system during the fault, and, therefore, the high-voltage 
bus arrangement gives higher stability limits; for faults 


Four 75,000-kva generators, Xq’ = 
20 per cent; transformer X; = 12 
per cent; 2 lines 280 miles long; 
fault at load end 


Nee 
BERaSNSREe 
SEES 
See. <8 


THOUSANDS OF KILOWATTS GENERATED 
& 
oO 


SSR ee 
BREESE EEREE 
0.4 0.6 0.8 


DURATION OF FAULT ~ SECONDS 


1.0 L2 


Fig. 62—Effect of number of switching stations on stability 
limit. 
A—Single line-to-ground fault. 
B—Double line-to-ground fault. 
-—---One intermediate station. 
——Two intermediate stations. 
— ~—Bus fault cleared with no loss of line. 
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of longer duration, the shock to the system is more im- 
portant and the converse is true regarding layout. By 
using reactors between the high-voltage busses, it is possible 
to obtain characteristics intermediate between those for 
high- and low-voltage bussing, approaching cither to any 
degree desired. The results of the study in a particular 
case of the effect of varying the number of intermediate 
switching stations on a long transmission line is shown 
in Fig. 62. 

Another method of bussing is incorporated in the scheme 
known as “synchronizing at the load" as applied to 
metropolitan-type power systems. By metropolitan sys- 
tem is meant the type of system that exists in large cities 
and is characterized by large turbine-generating units 
located close together with short transmission distances. 
With this scheme there are no direct ties between syn- 
chronous-machine busses but only indirect ties through a 
multiplicity of connections at secondary or utilization 
voltages. With this layout secondary faults do not have 
a severe effect upon the system and can be ‘‘burned clear.” 
Faults on a particular generator bus require disconnection 
of that unit, but the remaining units accelerate or decel- 
erate together. Of course, the shock to the connected load 
is decreased as the speed of circuit breakers and relays 
is increased. 

While “synchronizing at the load” was developed for 
supplying power to metropolitan areas, the underlying 
general principle has been applied in connection with 
certain long-distance transmission projects, notably for 
the Conowingo-Philadelphia*% and Hoover-Chino lines. 
The modification of the scheme for this application is 
characterized by the bussing of the system only on the 
lower-voltage side at the receiving end. On such a system 
transmission-line faults result in disconnection of an 
entire unit consisting of a generator, sending transformer, 
transmission line and receiving transformers. Since the 
plan of operation contemplates the disconnection of a unit 
for every fault on the transmission line or its associated 
apparatus, each circuit can be operated relatively close 
to its steady-state power limit. Faults on the lower- 
voltage bus at the receiving end or on the connecting 
lines will probably be controlling in determining the 
transient power limits. These connections are similar to 
those employed on early systems where transmission lines 
from separate hydroelectric plants were paralleled only 
at the receiver. 

The same general principles of system connection have 
also been employed in circuits with two-winding gener- 
ators and four-winding transformers.” These schemes 
improve stability by limiting the severity of short circuit 
and by distributing the stress among the remaining units. 
An important advantage of the double-winding gen- 
erator arises from the fact that in the event of a fault 
on one winding the remaining winding can carry load 
and thus minimize the disturbance to the system that 
would result from the disconnection of the faulted ma- 
chine and the readjustment of load on the remaining units. 

Another method of bussing is the “loose-linked”’ sys- 
tem,“ which consists of several power areas normally op- 
erated in parallel, being loosely connected for purposes of 
synchronizing and interchange of power. The plan of 
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operation is such that in any power area the largest 
generator or the interlinking ties can be lost without 
leaving in any area a load greater than the ability to 
carry it. In the event of a serious disturbance within a 
power area, that area including its load and sources of 
power is isolated from other power areas by opening of 
the ties at appropriate points. 

Grounding—In America it is common practice on 
high-voltage systems to ground the neutral solidly and 
on moderate-voltage systems to ground the neutral sol- 
idly or through a resistance. For some types of high- 
voltage systems there has been recently an increased 
tendency to provide transformers with sufficient insu- 
lation in the neutral to permit grounding through a mod- 
erate impedance. The ground-fault neutralizer scheme 
in which the system is grounded through reactors tuned 
with the system capacitance to ground at fundamental 
frequency, has not been generally accepted, although it is 
being used successfully in an increasing number of loca- 
tions. These schemes also have arc-suppression charac- 
teristics as discussed in Sec. 49. The introduction of 
neutral impedances, by limiting the severity of the fault, 
increases the stability limits. Two effects may be pres- 
ent: if the impedance is a pure reactance, the current is 
limited and the synchronizing power is increased thereby; 
if the impedance is a resistance, power is absorbed in it 
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Fig. 63—Effect of grounding method upon system stability. 


Curve Z, Percent Z, Percent 
A—Single line-to-ground........ 13 +710 
B—Double line-to-ground....... 13 +)10 
C—Double line-to-ground...... 13 0 
D—Double line-to-ground...... 0 0 


Upper set of curves for fault on high-voltage bus at sending end. 
Lower set of curves for fault on high-voltage bus at receiving end. 
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and the generator output increases and its acceleration 
is correspondingly retarded. The effects of these facto 
are illustrated in Fig. 68, which shows the stability limit 
as a function of the duration of the fault and the conneg. 
tion of the neutral impedance for single and double line. 
to-ground faults on the high-voltage line at both the 
sending and receiving ends of a typical system, These * 
curves show that neutral impedances, preferably resistance ay 
at the sending end and reactance at the recelving end” 
help maintain stability. The importance of the method ‘, 
of grounding in relation to power-system stability hag 
been minimized by the development of high-speed breakers ° 
and relays and the trend in the direction of basing system 
design upon the more severe types of faults. In general 
however, factors such as lightning protection and relay. / 
ing, and cost affected by insulation and interconnection 
with other systems, rather than stability, determine Pars | 
ticular methods of grounding to be employed. For further 
discussion, refer to Chap. 19. 


46. Power-System Operation 


Power-system operation is often as great a factor to 
insure system stability as proper system design. The al- 
location of generator capacity in relation to the system. 
load and circuit conditions is of considerable importance, 
particularly under abnormal circuit conditions. The sta 
bility problem can be accentuated by interconnection and 
is complicated by the related problems that arise when 
frequency control is applied or when the location of gen- 
erating capacity is determined by maximum-economy con- 
siderations rather than system-load requirements. 

Most power systems are designed for adequate sta- 
bility under steady-state conditions. There are, however, 
many systems where a stability problem is encountered 
as a result of a fault, and for economic reasons it is not 
always possible to eliminate this condition. Observance 
of certain basic operating principles will prevent exceed- 
ing the steady-state limits and insure prompt recovery 
following a fault. 

Adequate spinning-reserve capacity either in the form 
of spare generators or reliable interconnections, must be’. 
available in each load area to insure a steady-state limit 
in excess of the power and reactive kva requirements in 
event, of loss of a generating unit or loss of excitation. 

The method of supplying excitation to a system has | , 
an important effect on stability. The choice of the bus .. 
voltages to be maintained or compensated for load and :.. 
circuit changes, can be of great importance. Voltage regur _ 
lators tend to improve stability conditions by automatic“ 
ally changing the excitation in accordance with loads 
They are capable of sustaining system voltages with! 
safe limits even in the event of the loss of excitation of 
one of the units. They also tend to keep the field strength 
of individual units within reasonable limits thereby pre 
venting the cascading of trouble following the initial dis- 
turbance. Other characteristics of excitation systems an 
their control in relation to stability are discussed in Sec. 47 

The increasing use of automatic devices, such as Te 
frigerators, water heaters, water pumps, etc., which are§ 

*This particular arrangement is used on the 15-Mile Falls Devel 
opment 2021 
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not locked out following an outage, results in extremely 

‘aah power demands when service is restored. A recent 
outage resulted in a peak following restoration of service 
which was approximately 45 percent more than the load 
interrupted. Provision must be made for excess gen- 
erator capacity for a short period when service is resumed, 
or the service must be restored slowly to limit the tem- 
porary load until its diversity becomes normal. The spin- 
ning-reserve capacity for best results should be distrib- 
uted in the several load areas so that its availability is 
not restricted by tic-line limitations. 

‘The use of automatic load control on interconnecting 
tie lines has increased the practical load limits of these 
lines by preventing the usual drift in the tie-line load, 
thereby holding the scheduled load well below the tie-line 
limits. These devices are of no value for transient con- 
ditions. 

Coordination of stability studies and operating in- 
structions for abnormal conditions is a matter of con- 
siderable importance for insuring the maintenance of sta- 
bility or avoidance of service interruption. 

When synchronism is lost on a system having syn- 
chronous condensers, a state of equilibrium is sometimes 
reached under which the system will neither accelerate 
nor retard until conditions are changed by switching 
operations, or by removal of synchronous condensers. 
The removal of synchronous condensers, either manually 
or by underspeed relays, relieves the system of super- 
posed low-frequency currents caused by condenser exci- 
tation, and permits a more rapid restoration of service. 


Characteristics of Apparatus 


Synchronous Machines—The characteristics of syn- 
chronous machines that are important from the stand- 
point of stability are substantially the same in the syn- 
chronous generator, motor, or condenser. In general, the 
characteristics of generators are of much more impor- 
tance because they constitute the largest percentage of 
the total connected synchronous capacity and because 
they have such an important bearing on the overall sys- 
tem angles. The following discussion will be given in 
terms of synchronous generators with the understanding 
that for synchronous condensers and motors the general 
features are the same but generally of relatively less im- 
portance. 

The best criterion of generator performance under con- 
ditions in which system stability is determined chiefly 
by the transient characteristics is its transient reactance 
or more definitely, the direct-axis component commonly 
designated as xa’, as discussed in Secs. 15 and 16. The 
offects of decreasing the transient reactance of generators 
upon increasing the stability limits for a particular study 
are shown in the curve of Fig. 64. The normal value of 
the constants of various types of synchronous machines 
are shown in Table 4 of Chap. 6. The effect of decreasing 
the transient reactance upon the cost of a machine is 
indicated in a general way by the curves of Fig. 65. In a 
Considerable number of installations, beginning with Cono- 
Wingo™ and including Hoover Dam, 3 it has been found 
desir: rable to employ generators of less than normal tran- 
Sient reactance. 


Power-System Stability Basie Elements of Theory and Application 


500 


Seated ater er tae 
ot Os 
“ERS EEH Roo 
aN sas seeesesees 


aN 
FONECCEE 


ECC EEE SSS 
ee PETE EEE Eee 


co) 0.8 12 
DURATION OF FAULT — SECONDS 


THOUSANDS OF KILOWATTS GENERATED 


Fig. 64—Effect of generator reactance upon stability. 


A—Single line-to-ground fault. 

B—Double line-to-ground fault. 

Solid curves for generator transient reactance xy’=30 percent; 
broken curves for ra’ =21 percent. 

Fault, at load end; 2 lines, 280 miles, 3 sections; 
x_= 10 percent; 4-70 000-kva generators. 


transformer 


For most present-day systems, steady-state stability 
limits are unimportant. With increased application of faster 
breakers and relays and the logical attempt to increase 
the load carried on these circuits, the steady-state stability 
limitations will become increasingly important. A useful 
criterion of machine performance with reference to steady- 
state stability is the machine short-circuit ratio. The 
short-circuit ratio is a direct measure of the relative pull- 
out torques for generators with the same per-unit excita- 
tion. However, for the same current and power factor on 
machines of different short-circuit ratios, the relative short- 
circuit ratios do not give a direct measure of the relative 
pull-out torques, because the excitations are not equal. 
In general, the higher the short-circuit ratio, the higher is 
the pull-out torque. It is the one constant of the generator 
that comes closest to being a direct index of pull-out 
torque. 

Short-circuit ratio is also of value as an approximate 
measure of the size of machine. Its use for this purpose 
depends upon the fact that to a considerable extent any 
reduction of reactance in a machine below its normal 
value is obtained by derating a larger machine and modi- 
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Fig. 65—Approximate cost of decreasing the transient react- 
ance of salient-pole synchronous generators. 


Fault at load end; 2 lines, 280 
miles, 3 sections, transformer X; = 
12 per cent; 4 75,000-kva 
generators, Xz’ = 20 per cent 
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Fig. 66---Effect of generator inertia upon system stability. 
A—Single line-to-ground fault. 
B-—Double line-to-ground fault. 
——Minimum WR? (31 x 10° lbs-ft?). 
~~ -— ~ 50 percent additional WA. 
— — —100 percent additional WR, 


fying the current-carrying parts to meet the reduced 
values. 

The inertia of a synchronous generator or motor is also 
a factor in the stability problem since it affects the nat- 
ural period of system oscillation, or the time required to 
reach a point beyond which recovery would be impossible. 
Figure 66 shows the results of calculations for various val- 
ues of generator inertia upon the stability limits for a par- 
ticular system. The range of inertia constants for various 
types of synchronous machines is shown in Table 8, and 
more specific data based on speed and kva are given in 
Chap. 6, Part XIII. The cost of adding inertia to large 
vertical waterwheel generators increases about one-fifth 
as fast as the inertia. In a few cases, including Hoover 
Dam, where calculations have indicated that a particular 
system would operate relatively close to the stability 


limits, generators of higher than normal inertia have been 
installed. 


TABLE 8— TYPICAL INERTIA CONSTANTS OF 
SYNCHRONOUS MACHINES* 
a i 


Type of Mashing Inertia Constant 
Stored Energy in Kw-sec per Kva** 

Turbine Generator 

Condensing 1800 rpm 9-6 

3600 rpm 7-4 

Non-condensing 3600 rpm 4-3 
Waterwheel Generator 

Slow-speed (<200 rpm) 2-3 

High-speed (>200 rpm) 2-4 
Synchronous Condenser*** 

Large 1.25 

Small 1.00 
Synchronous Motor with Load 2.00 

varies from 1.0 to 5.0 and 

higher for heavy flywheels 


*For more specific figures, see Fig. 75 of Chap. 6. 
**“Where range is given, the first figure applies to the smaller kva 
sizes. 
“~Hydrogen-cooled, 25 percent less. 
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The severity of unsymmetrical system faults is affected 
by the negative-sequence impedance of the connected 
machines. Amortisseurs or damper windings affect both 
the real and reactive components of this impedance 
Machines without damper windings possess the highest 
negative-sequence reactance, but machines with high. 
resistance damper windings possess the highest negative. 
sequence resistance. The curves of Fig. 67 show the com- 
bined effect of the damper material upon the stability 
limit of a typical system for line-to-line and double line-to. 
ground faults on the high-voltage bus at the generator 
end. The improvement with high-resistance dampers is 
quite appreciable for long fault duration, but for the dura- 
tion that can be obtained at present with high-speed 
breakers, the improvement is very much less. In the event 
of system oscillations low-resistance copper damper wind. 
ings produce the greatest damping of the mechanical 
movement. However, this effect is unimportant during 
and following a system fault except in the rather rare caso 
in which the system is so constituted that pullout takeg 
place as a result of compound oscillations following a dig. 
turbance. To obtain the partial advantage of the high 
loss associated with high-resistance dampers at times of 
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Fig. 67—Effect of damper-winding material upon stability , 
limits, 
System Same as Fig. 63-C. 
A-~-High resistance. B—No dampers. 
Upper curves for line-to-line fault. 
Lower curves for double line-to-ground fault. 


C—Copper. 


unbalanced faults and the damping of oscillations asso- 
ciated with low-resistance dampers, the generators of one 
installation, i.e., 15-Mile Falls,"°°° were supplied with 8 
special type of damper winding which consists of a double- 
cage arrangement in which the outer row of bars is made of 
high-resistance material and the inner row of bars is made 
of a low-resistance material imbedded in the iron. For the 
double frequency associated with negative-sequence, the 
copper bars possess a high reactance and, therefore, foreé 
most of the current through the high-resistance bars. a or 
the low frequency associated with the system oscillations, = 
the current varies inversely with the resistance of the # 
damper bars and allows most of the current to fow through :’ 
the copper winding. The benefit from high-resistancé 
damper windings is decreased as the fault duration is de } 
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creased by the use of faster breakers and relays. Damper 
windings also have characteristics which tend to suppress 
spontancous hunting and to reduce system overvoltages 
ynd recovery rates arising from short circuits; in these 
respects, low-resistance copper dampers are somewhat 
more effective than high-resistance dampers. 

With the increase in size of gencrator units, the greater 
concentration of power on a single bus has increased the 
duty on circuit breakers and the area affected by a fault 
on or near the bus. These effects can be minimized by the 
use of the two-winding generator” in which the two 
armature windings are connected only through their 
mutual coupling which can be controlled by suitable de- 
sign. Generators of this character lend themselves to in- 
corporation as units in the system layout known as 
“synchronizing at the load” or its variations as described 
previously, 

Excitation Systems—Control of the excitation system 
on synchronous machines provides a means for improving 
stability limits for transient conditions and also for steady- 
state conditions. Excitation systems that are effective 
from the standpoint of stability are commonly termed 
quick-response excitation systems, the principal features 
of which are: 

1. Exciter of quick response, i.e., of high rate of build-up 
and of high ‘‘ceiling” voltage. 

2. A reliable source of power to the exciter. 

3. Quick-responding regulator. 

[xeiter response is the rate of build-up or build-down 
of the main-exciter voltage when a change in this voltage 
is demanded by the action of the voltage regulator. The 
response of the exciter was formerly expressed in “volts 
per second”’ corresponding to the average value effective 
through an interval of one-half second beginning at rated- 
load field voltage. This rate is standardized as the nu- 
merical value obtained, called the response ratio, by di- 
viding the average value of volts per second in the same 
time interval by the rated-load field voltage. The method 
ol determining exciter response is illustrated and formal 
(definitions are given in Chap. 7. Exciter response ratio 
of 0.5 on the per unit basis just described is now standard; 
faster response up to 2.0 is regularly available at a small 
additional cost, and still faster response can be provided. 

The characteristics which an excitation system must 
have to obtain the benefits of quick response include a 
high-ceiling voltage as well as a high rate of build-up. 
The ceiling voltage of an exciter varies through quite a 
wide range depending upon the particular design. The 
uetual value in a particular case is adjusted so as to give 
the desired response through the half-second interval. 
Usually the ceiling voltage will be considerably more than 
50 percent above the normal exciter voltage for the 
Maximum rated load. 


Fig. 68—Typical voltage regulator for control of the quick- 
response excitation system for a large waterwheel generator. 
ype BJ indirect-acting exciter-rheostatic voltage regulator. 
(2) Main contro! clement in projection-type case with glass cover. 
(b) Cubicle-type assembly of regulator-contactor panel and 
plate-type motor-operated main-exciter field rheostat. 
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Fig. 69—-Elementary schematic diagram of Type BJ regulator illustrated in Fig. 68. 


The exciters, regulators, and other voltage-control equip- 
ment required for quick-response excitation are built in 
various forms, which are discussed in detail in Chap. 7. 
The most common system in recent years has been that 
using a separately-excited main exciter and an exciter- 
rheostatic regulator such as the BJ type illustrated in 
Fig. 68 and shown schematically in Fig. 69. The main 
exciter is of liberal design having specially designed field 
circuits to reduce the time constants to a minimum. 
Excitation for the separately-excited field is under control 
of the voltage regulator and is supplied by a flat-com- 
pounded, self-excited d-c generator, called the pilot exciter. 

The exciter-rheostatic regulator has two sets of con- 
tacts: 

1. Normal-response contacts that operate for normal 
load changes causing small voltage changes, and which 
control the motor M driving rheostat Rey to increase or 
decrease the exciter field current. 

2. Quick-response contacts which control the high- 
speed contactors QR and QL, and which operate for sud- 
den, large changes in system voltage and excitation re- 
quirements. The normal-response contacts are sensitive 
to a change in a-c voltage of 4% of one percent. These 
contacts control the main-exciter motor-operated field 
rheostat. Modern regulating equipment is designed to 
initiate excitation corrective action within a period of 3 
cycles on a 60-cycle basis. This action is controlled by the 
quick-response contacts, which in combination with the 
high-speed contactor start to change the exciter-field cur- 
rent within 3 cycles after the generator voltage has de- 
parted from normal by an amount equal to approximately 
three times the sensitivity setting of the quick-response 
contacts. 

Quick-response excitation systems tend to improve sta- 
bility limits of power systems in three ways: 

1. Maintaining or increasing machine flux against demag- 

netizing action of fault currents. 

. Supplying deficiency in system excitation due to loss of 
other sources of excitation. 

Increasing steady-state stability limits by facilitating ac- 
tion in the region of dynamic stability. 


2 
3. 


The effect of quick-response on the magnitude of the 


internal voltages of a waterwheel generator connected to 
a typical system subjected to faults is illustrated in Fig. 70, 
The internal voltages are calculated by the method out- 
lined in Chap. 6 for two conditions, which give per-unit 
demagnetizing currents of about 1.5 and 1.0 for line-to- 
line and line-to-ground faults, respectively. These curves 
are based on constant phase displacement betiveen the 
machine and the receiver. The correction for this factor 
would slightly reduce the voltages and alter the shapes for 
all curves without changing the relative effects. Quick- 
response exciters do not make very important gains in 
main-machine flux for line faults of the short durations 
possible with high-speed circuit breakers and relays. How- 
ever, the flux conditions within the machine will continue 
below normal throughout the “first swing,” even though 
the fault has been removed, particularly if a line section 
has been removed from the circuit for isolating the fault. 
This circumstance increases the scope of beneficial action 
possible by a quick-response excitation system. If the 
line faults are not cleared in the normal high-speed man- 
ner, a very substantial improvement in the stability limits 
is accomplished. With exciter-response ratios greater than 
0.5 per unit, it is possible not only to overcome the demag- 
netizing action of the fault currents, but actually to in- 
crease the main-machine flux in the time normally required 
for the system to reach the critical point in its oscillation. 

Quick-response excitation provided one of the earliest 
methods used for improving the transient-stability limits 
of systems. Its importance in this respect has, however, 
been minimized by the developments of high-speed circuit 
breakers and relays which limit the duration of fault 
currents and their demagnetizing effects. 

Another feature of quick-response excitation systems 
is the ability to increase the excitation to meet the re- 
quirements of a system arising from the loss of other 
sources of excitation, as from the disconnection of a gen- 
erator or condenser. This feature cannot, of course, be 
supplied by high-speed circuit breakers. In order to be 
effective in this respect, a quick-response excitation Sys 
tem must have a relatively high ratio of cciling to normal- 
operating voltage and the regulating equipment must be 
such as to permit operation under these conditions for 
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Fig. 70—The effect of different speeds of exciter response on 
the internal voltage of a waterwheel generator with damper 
windings. System shown in the insert is subjected to line-to- 
line and line-to-ground faults at sending end. The ratios of 
ceiling to normal exciter voltage are 2.2, 1.6 and 1.6 for per- 
unit exciter responses of 2.0, 1.0 and 0.5, respectively. 


the length of time necessary for some readjustment of the 
system. Ordinarily the speed of exciter response is of 
secondary importance in comparison with the exciter 
range. However, quick-response excitation systems nor- 
mally possess the essential exciter range and whatever 
advantage that resides in the quicker response. 
Quick-response excitation systems also provide means 
or increasing the steady-state stability limits by facili- 
tating operation in the zone of dynamic stability as dis- 
cussed in Sec. 17. In a few cases it appears probable that 
some beneficial action from regulators in the region of 
dynamic stability is required to explain the absence of 
Pullouts. In general, however, since the steady-state limits 
are higher than the transient limits, the favorable charac- 
teristics of a voltage regulator to increase the steady- 
state limits has been without real significance. There is 
also the question as to the desirability of having the opera- 
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tion of a station at its rated load being dependent upon the 
functioning of a regulator. Consequently, the choice of 
regulator has been determined from its performance under 
transient conditions and its maintenance under ordinary 
operation. 

High-Speed Circuit Breakers and Relays—The 
duration of a fault condition has a very important effect 
on the stability of a system. The fault condition reduces 
synchronizing power, (1) directly by altering the equiva- 
lent-circuit constants and (2) indirectly by reducing the 
effective machine voltages through the demagnetizing 
action of fault currents. The stability limits as affected 
by the speed of breaker and relay operation vary through 
a wide range from (1) the limits corresponding to sus- 
tained faults to (2) a mere switching operation assuming 
extremely fast fault isolation. High-speed circuit break- 
ers and relays are capable of covering most of this range 
and thus constitute a very important measure for in- 
creasing the stability limits, particularly for transmission 
systems.'® 

The relation between the speed of fault isolation and the 
transient-stability limits for a typical transmission system 
is indicated in Fig. 71, which also gives the impedance 
constants of the various system elements. The system is 
assumed to be subjected to a fault on one line near the 
high-voltage bus at the sending end and to be cleared by 
the opening of the two breakers simultaneously. The 
curves assume waterwheel-type generators, and receiving- 
end machines of relatively high inertia. The calculations 
were made for the four different types of faults shown on 
the curves, which are plotted in terms of the time required 
for the isolation of the fault and the ratio of the power that 
can be transmitted to the power limit corresponding to the 
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Fig. 71—Effect of duration of fault on power limits for differ- 
ent kinds of faults. 


A—Single line-to-ground fault. .C—Double line-to-ground fault. 
B—Line-to-line fault. D—Three-phase fault. 
System reactance shown in percent. 
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switching out of one section of the transmission line. The 
dotted lines show the loads which can be carried with sus- 
tained short circuits of the various types assuming quick- 
response excitation systems capable of preventing demag- 
netization of the machines. 

The curves in Fig. 71 apply to a system subjected to a 
fault at the sending end. The relative stability conditions 
for the fault at sending and receiving ends of a somewhat 
different system were given in Fig. 63 which has been dis- 
cussed previously in connection with the use of neutral 
impedances. A moderate value of neutral resistance at the 
sending end can make a fault at that end on a grounded- 
neutral system relatively less severe than a fault at the re- 
ceiver. However, the gains in stability due to the use of 
high-speed circuit breakers are of the same order for faults 
at the sending or receiving ends of the transmission system. 

On metropolitan-type systems the permissible time for 
isolating the fault will be relatively longer than for trans- 
mission systems since the latter are usually operated 
closer to the stability limits. Thus in the metropolitan 
systems it is possible to introduce reactance in the system 
in such a way as to limit the duty on circuit breakers. 
This problem can conveniently be studied by the short- 
cut method® discussed in detail in Part VIII. 

The curves used in this method indicate that by taking 
advantage of the faster speeds made possible by the recent 
developments of circuit breakers, increased amounts of re- 
actance can be introduced in the system either to reduce 
the duty on circuit breakers or to increase the continuity of 
power supply or reliability of the service to the customer. 

The speed of circuit breakers and relays in relation to 
power-system stability can conveniently be analyzed under 
three headings as follows: 

1. Conventional or slow-speed breakers and relays for fault 

isolation. 

2. High-speed breakers and relays capable of isolating fault 

in time to improve stability limit. 

3. High-speed breakers and relays with reclosure in time to 

improve stability limit. 

The curves of Fig. 71 show that conventional slow-speed 
circuit breakers and relays of the type commonly in use 
prior to 1929 were so slow from the stability point of view 
that the limits corresponded to sustained faults. The power 
limit for the three-phase fault is almost negligible with the 
conventional slow-speed breakers formerly in use. The 
benefits which arise from the use of high-speed circuit 
breakers and relays in maintaining stability depend upon 
isolating the fault in an interval of time which is short in 
respect to the period of system oscillation. The preceding 
discussion has been based on the isolation of the fault in a 
single step. For sequential operation the time permissible 
for each breaker will be less than that shown but need not 
be reduced to half value. This is, of course, due to the fact 
that the stability conditions are generally much improved 
upon the operation of the first circuit breaker. | 

The need for high-speed circuit breakers has brought 
about the development and general use of circuit breakers 
with shorter operating times. At present, standard breakers 
115 kv and above have an operating time of 5 cycles, ex- 
cept 230-kv standard breakers, which have an operating 
time of 3 cycles. Three-cycle breakers cost about five 
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percent more than the standard five-cycle breakers for the _ 
same rating. The standard operating time for 69 kv ang ; 
below is 8 cycles. It is interesting to note that at the time | 
this book was originally published (1942) 8-cycle breakerg 
were standard up to 230 kv. 
For composite systems with long-transmission lines from 
a source of power and for interconnecting lines between 
various parts of the receiver, system studies will frequently , 
show the desirability of using high-speed circuit breakerg 


and relays in order to increase the stability limits. In g o | 


number of such cases it will be important to extend the °° 
application of the high-speed breakers to interconnectin 
lines of the receiver system. Otherwise, the stability limitg .- 
are determined not by faults on the main transmission line 

but by faults on the recciving system, even though it jg - 
operating at lower voltage with transformers between it _ 
and the transmission line. 

This development in the speed of circuit breakers hag 
brought about important changes in the relaying of trans. 
mission lines. With fast circuit breakers it is no longer 
feasible to contemplate relay-operating times of one- 
quarter second to three seconds or the use of time intervals 
as the basis of discrimination. This has led to the use of 
distance or current-balance types of relays which are 
capable of simultaneous action for the middle section of 
transmission line with high-speed sequential tripping for 
the end sections. 

In cases where the transmission system is operated rela- 
tively close to the stability limits there is considerable 
advantage in providing simultaneous breaker operation, 
In general, such relay operation can be obtained by funda- 
mental-frequency relays operating in conjunction with a 
signal transmitted by pilot wires or carrier current between 
the ends of the line section. This has brought about an 
important development in the application of high-speed 
relaying with superposed carrier-frequency. The relaying 
quantity to be transmitted by carrier frequency was se- 
lected initially as some electrical indication, such as diree- 
tion of the power flow, but more recently as the position of .. 
various fundamental-frequency relays which indicate the ~ 
existence of a fault on the system within predetermined . 
zones. The carrier-current and pilot-wire relay systems . 
also provide opportunity for including relay measures for * 
the prevention of undesired breaker operation in the event — 
that the system does pull out of step. Reference should . _ 
be made to Chap. 11 for further’ information on circuit- | 
breaker and relay applications. ~ 

Reclosing Circuit Breaker—Reclosing circuit break- 
ers provide a means for carrying one step further the : 
advantages possible from high-speed fault clearing. For | 
lower-voltage systems and feeder circuits, automatic re 
closing breakers make it possible to maintain the stability 
of a system with induction-motor load. Disconnection OF 30° 
the source is required for the suppression of the arc in the ; 
fault, but the total time required for disconnection and fo 
reclosure should be made sufficiently short as to preve? 
pullout of induction motors. Where synchronous machiné 
can maintain the are, it is necessary to isolate the affect 
line and to reconnect it in a period of time that is relatively 
short with respect to the period of system oscillation yy 
stability is to be maintained.%* Hence, if automatic me 
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closing breakers are considered for maintaining the sta- 
pility on a transmission system, it becomes a practical 
necessity to use carrier-current or pilot-wire relaying. 
The existence of multiple or repetitive lightning discharges 
may constitute an important factor in limiting the appli- 
cation of reclosing breakers for maintaining stability. 

The selection of the operating speed required of high- 
speed reclosing breakers is dependent upon a compromise 
petween two conflicting factors. One of these is the maxi- 
mum permissible time between the inception of the fault 
and the final reclosure as determined by the power-system 
load and synchronizing-power conditions. The other is the 
de-ionization time, the minimum time that must be allowed 
in order to be reasonably sure that the arc will not reignite 
and thus create a second fault condition. In many cases 
where high-speed reclosing is desired, there is sufficient 
time to permit successful application. 

The de-ionization time depends upon the circuit volt- 
age, the conductor spacing, the fault current, and weather 
conditions. Furthermore, the reestablishment of the arc 
after an interval is a matter of probability and perhaps 
twenty tests may be required to establish a single point 
on a 95-percent probability curve for a single combination 
of circuit voltage, fault current, conductor spacing, and 
weather conditions. For these conditions the available 
test data on de-ionization time, although covering several 
hundred individual tests, is not considered to cover the 
field adequately for the purpose of establishing limits. 
From the available information™® the estimated de-ioni- 
zation time for successful reclosure is given in Table 9. 


TABLE 9— MINIMUM DE-IONIZATION TIME FOR RECLOSING 


BREAKERS 
System Voltage Cycles on 60-Cycle Basis 
Line-to-Line Ky 95% Probability | 75% Probability 
23 4 
46 5 3.5 
69 6 4 
115 8.5 6 
138 10 7.5 
161 13 10 
230 18 14 


_ From the standpoint of maintaining stability, the max- 
imum permissible total time from the inception of the 
fault to the final reclosure varies over a wide range, de- 
pending upon the system, location and severity of the fault, 
and the type of circuit breaker, that is, whether three-phase 
is discussed in this paragraph or single-phase as discussed 
in the next. The permissible reclosure time can be cal- 
culated with satisfactory accuracy by methods previously 
discussed in this chapter, or by reference to the curves” 
of Fig. 72. These curves apply to two systems of rela- 
lively high inertia connected through a tie line of rela- 
tively high reactance. In order to use these curves it is 
necessary to determine, first, the synchronizing-power 


ae - : it 2 
limit ag determined by the quantity 38> where E is the 


nominal system voltage line-to-neutral and X is the 
transfer reactance per phase. The load to be transferred 
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Fig. 72—Permissible time for breaker tripping and reclosure 


without causing loss of synchronism with gang operated 
breakers. 


over the tie line is then expressed as a percentage of the 
maximum synchronizing power over the tie line and used 
as the ordinate of the curve of Fig. 72. If the capacity 
and inertia constants of the two systems are kvaa, kvap, 
and H,, Hy, then the equivalent inertia constant Hog ia) 
can be determined from Eq. (87), Sec. 22. The inertia 
factor to be used in the curves of Fig. 72 is obtained from 


FeqiaykVaa 
TLiw 


where TL is the tie-line load in kw. Reclosing breakers 
have been used to improve the stability conditions on a 
number of 132-kv systems, notably of the American Gas 
and Electric Company* and of the West Penn Power 
Company. The important advantage of reclosing break- 
ers arises from the fact that their use can frequently con- 
vert an unstable tie line to one which can be considered 
as a firm-power source and thus justify a reduction in the 
connected generating capacity. 

Single-Pole Reclosing Breakers—During World War 
II it became necessary due to increasing demand for power 
to use single-circuit tie lines between systems to transfer 
firm blocks of power. Single-pole reclosing breakers have 
been used successfully in this application. Ground-fault 
neutralizers are useful in this application, but provide 
improvement only in the case of single line-to-ground 
faults, whereas single-pole reclosing breakers improve the 
stability limits of a single tie line for all types of faults, ex- 
cept three-phase. In this case the operation is that of a 
gang-operated reclosing breaker. 

The advantage of single-pole operation lies in the fact 
that power can be transferred over the unfaulted phase(s) 
during the period when the breakers are open to clear the 
fault. Since most line interruptions do not permanently 
ground a phase conductor, successful reclosure is obtained 
in the majority of cases and thus restores the system to its 
original condition without at any time reducing the power 
limits to as low a value as would be the case if all three 
conductors were disconnected. 
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If single-pole reclosing is to be used, the transformer 
banks at both ends of the tie line should be grounded sol- 
idly or through low values of impedance in order that 
power may be transferred during the breaker operating 
period. 

A comparison of three-pole and single-pole reclosure 
has been made for the system shown in the insert of Fig. 
73. The result of stability calculations for the two types 
of reclosure are plotted in Fig. 73 in terms of the per- 


X,#0.375 


X'g=X_20.375 0.125 Xo2h.l25 


0.125 X20 


steer 


He3 A Ae iF 


RELATIVE TRANSMITTED POWER 


0 4 8 #12 16 20 24 28 32 36 40 44 48 
PERMISSIBLE RECLOSING TIME-CYCLES 


Fig. 73—Comparison of three-pole and single-pole reclosing 

breakers from standpoint of permissible transmitted power 

and reclosing time for clearing one line-to-ground fault and 
maintaining stability for the system shown in the insert. 


A—Three-pole reclosing breaker, 4-cycle opening time. 

B-—Single-pole reclosing breaker, 4 to 10-cycle opening time. 

C—Stability limit for system, one phase switched open—system 
same as insert except for theoretical condition of zero-sequence 
impedance equal zero—10-cycle opening time. 

D—Stability limit for system, one phase switched open—system 
same as insert but grounded at fault end only. 


missible transmitted loads and reclosure times. The curves 
show the advantages of single-pole reclosure which can be 
used (1) to transmit greater power, (2) to provide greater 
deionizing time, (3) to permit the use of slower-speed 
breakers for fault. clearing or reclosure, or a combination 
of these three. The power-transferring ability of a system 
for a sustained one-phase open condition varies with the 
zero-sequence impedance of the circuit between the limits 
of (1) infinite impedance which obtains with the un- 
grounded system, and (2) zero impedance, a theoretical 
condition which is rarely approached even for solidly- 
grounded systems. The practical case for grounded systems 
lies between these two extremes. 

The single-pole reclosing breaker is somewhat more 
expensive than the three-pole breaker because of the three 
separate mechanisms and the more complicated relay 
system required. 
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48. Double Line-to-Ground Fault on Single Tie 
Line 

The transient-stability performance of a single tie line 
between two systems can be calculated using the step-by- 
step procedure discussed previously. The only difference 
between this calculation and the previous examples lies in 
the fact that the sequence networks must be set up so that 
the power transferred during the period the breakers are 
open can be determined. 

In calculating a transient-stability problem involving 
single-pole reclosing, it is convenient to divide the sequence 
of operations into four steps as follows: 


1. Condition before the fault. 

2. Condition during the fault. 

3. Condition with faulted phase(s) open. 
4. Condition after fault (line re-energized). 


In setting up the sequence networks for condition 3 it is 
generally sufficiently accurate to use connections n to r 
inclusive of Fig. 21, Chap. 2, which assumes equal shunt 
capacitance on all phases. A more accurate calculation can 
be made using the method presented in Fig. 22, Chap. 2. 
Reference 41 gives the sequence-network connections. 

Figure 74 presents the results of investigations of over 
100 practical solutions.*? These curves apply only to double 
line-to-ground faults and can be used to estimate breaker 
requirements under proposed operating conditions and 
also to estimate the transient performance of existing lines. 

In the study upon which these curves are based, the 
sending and receiving systems were assumed to be made up 
of 1800-rpm, 80-percent power-factor machines operating 
at full load with necessary excitation. Typical system 
constants were used. The shunt loads were assumed to be 
85-percent power factor. In each case the line regulation 
was adjusted to ten percent. In certain cases this required 
synchronous condensers at the receiving end to furnish 
the necessary reactive kva in excess of the capacity of the 
receiver generators. The inertia of the condensers is not 
included in the swing calculations because it is usually 
found to be negligible. 

Conventional a-c network calculator studies were carried 
through for each principle system chosen until the maxi- 
mum length of line was determined for which transient 
stability would be maintained keeping all system elements 
constant except the line length. These curves give only the 
minimum reclosing equipment that can be safely applied. 
Allowance should be made for system growth. 


These curves give transient-stability solutions using 
different types of reclosing equipment. Double line-to- 
ground faults were used in each case. 

To determine the maximum power which could be safely 
transferred over a tie line, plot the ratio, PS/PR, on the : 
proper “‘(miles/kv?)PR” curve for the reclosing equipment 
under consideration. The ordinate of the plotted point 18 »; 
the maximum power which could be safely transferred in 
per unit, based on receiving-end generation. These curves ¥ 
are not intended as a solution of all problems concerning 
high-speed reclosing, but are presented merely as a guide. y 
These general curves are calculated to apply specifically 4 
to tie lines between systems on which steam turbines g 
predominate. Detailed calculations should be made where 3 
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sending and receiving-end generation, in mw, respectively; KV = Line-to-line kilovolts. 


PS and PR 
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marginal or unstable conditions are indicated by these 
curves. 


49, Other Methods of Increasing the Practical 
Operating Power Limits 


Flashover-Prevention and Arc-Suppression—aA dif- 
ferent approach to the problem of improving the practical 
operating power limit of a system is obtained by the use 
of flashover-prevention and arc-suppression measures. It 
ig obvious, of course, that a system rarely subjected to 
faults can be operated relatively close to the stability 
limits. Consequently, under some conditions it is more 
advantageous to spend money for minimizing the likeli- 
hood of faults than for increasing the capacity of the sys- 
tem to withstand the system disturbances resulting from 
faults. 

The principal cause of flashover on high-voltage lines 
is lightning. Much has been accomplished during the past 
fifteen years to minimize flashovers resulting not only 
from induced strokes but particularly from direct strokes.* 
Increased transmission-line spacing and increased insu- 
lation in the form of insulator strings and wood have 
generally been adopted. On the higher-voltage lines the 
use of ground wires is of great value when suitably located 
with respect to the conductors to be protected. Special 
efforts have been made to reduce the tower-footing resist- 
ance to a relatively low value in order to prevent a flash- 
over of the insulator string as a result of the building up of 
high potential due to the flow of lightning current through 
the tower to ground. 

The use of the ground wires reduces the zero-sequence 
impedance of the system and thus increases the severity 
of the shock resulting from a single or double line-to-ground 
fault. With the development of high-speed circuit breakers 
and relays these faults can be cleared promptly; conse- 
quently, the use of ground wires results in a gain from the 
stability point of view by reducing the number of flash- 
overs which overbalances any disadvantage from the 
standpoint of the shock to the system in case the fault 
occurs. 

The fault-suppression measures have as their object the 
interruption of the power-are following a flashover without 
the necessity for isolating the affected circuit. The use of 
fused arcing rings or special tube-type protectors in parallel 
with the insulators permits flashover to take place through 
a path that insures the subsequent interruption of the 
power arc. Lightning arresters distributed along the line 
will accomplish this same general objective. See also 
Chap. 17. 

Are-suppression devices of the ground-fault neutral- 
izer or Petersen-coil type have received consideration for 
minimizing circuit outages in connection with multiple- 
circuit systems of the type in common use and have been 
used in the single-circuit Hoover-Chino transmission line 


*Reference should be made to Chaps. 16 and, particularly, 17. 
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system. In America, however, little use is made of this ¢ 

of arc-suppression device as dependence js placed on circuit 
breakers and relays for automatically isolating a faulty 
section of line. Circuit-breaker schemes have the merit of # 
suppressing all types of faults that occur on systems Te f 
gardless of whether they are of the single line-to-ground or 
more severe types. In addition they permit grounding the 
system so that the tendency for a single-phase fault to 
develop into a multi-phase fault is minimized. See algo = 
Chap. 19. 

High-Voltage D-C, and Low-Frequency A4.¢ 
Transmission—Low-frequency a-c systems have been pro. 
posed frequently for increasing the practical operating 
stability limits of long-distance transmission systems, 
More recently d-c transmission has been proposed ag ™ 
a means for avoiding the stability limits since such a syg. : - 
tem inherently provides a non-synchronous tie. In Amer. * 
ica, 60-cycle a-c is very generally established for utiliza. 
tion. Consequently, the proposals to use low-frequency 
a-c and high-voltage d-c transmission schemes have jn- 
cluded conversion means at the receiving end. In general, ‘3. 
the use of the low-frequency a-c system involves no new *™. 
problem in apparatus or application so that its use is not © 
hindered on this account, although static apparatus might 
find application in the field of frequency conversion. In the * 
case of d-c transmission, however, the conversion from a-¢ 
generation to the d-c high voltage required for the trang- 
mission line involves rectifiers for which there is no com 
parable operating experience; in the case of the inverters '® 
at the receiving end still less work has been done. Con- * 
siderable interest has been displayed in d-c transmission, « 
but it is still generally considered impractical especially in - 
this country. During the recent war the Germans consid- 
ered d-c transmission particularly as a means of getting 
power from Scandinavian peninsula to Germany. D- 
transmission can show economic gains over high-voltage 
a-c transmission only where large blocks of power are to... 
be transferred” for extremely long distances. Even then 
d-c transmission may not be economical if it is desired to # 


Hs 


from the standpoint of system stability, are not of suffix 
cient importance as to justify the adoption of either lowe 


frequency a-c or high-voltage d-c transmission”. The ; 


possible field for d-c transmission depends largely on th 
practical necessity for transmitting power to considerably 
greater distances than those used heretofore, on the use 
fulness of its operating characteristics aside from stability, 
and on the future development of conversion apparatus, 
In this connection it should be noted that the series 08% 
“pacitor offers tremendous improvement in a-c transmss! 
at normal frequencies. 
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POWER SYSTEM VOLTAGES AND CURRENTS DURING 
ABNORMAL CONDITIONS 
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R. L. Witzke 


OR many years it was common practice to base the 
Pressireents of system apparatus on normal load 
conditions and on three-phase short circuits. More 
or less empirical multiplying factors were sometimes used 
to predict the probable ground-fault currents from the 
three-phase fault currents. However, this procedure is 
unsatisfactory because the relations between three-phase 
and ground-fault currents vary greatly between systems. 
In some systems the current for a single line-to-ground 
fault is less than normal load current, whereas, in other 
systems, or at other locations in the same systems, the 
current for a single line-to-ground fault is larger than the 
three-phase fault current. The analysis of power systems 
by symmetrical components! (see Chap. 2) has made pos- 
sible the accurate calculation of fault currents and voltages 
for unsymmetrical faults directly from system constants. 
Under many conditions the voltages present on a power 
system may be higher than those calculated for steady- 
state conditions. These higher voltages are usually of a 
transient nature and exist during the transition from one 
steady-state condition to another. Transient voltages can 
be produced by simple circuit changes such as the opening 
of a circuit breaker or the grounding of a conductor, or 
they can be produced by an intermittent arc in a circuit 
breaker or in a fault. Usually the higher voltages are 
associated with intermittent arcs rather than with simple 
circuit changes without arcing. Most transient voltages 
are not of large magnitude but may still be important 
because of their effect on the performance of circuit- 
interrupting equipment and protective devices. An appre- 
ciable number of these transient voltages are of sufficient 
magnitude to cause insulation breakdown. 
The various factors that determine the magnitudes of 
currents and voltages in power systems during abnormal 
conditions will be discussed in this chapter. 


I. STEADY-STATE VOLTAGES AND CURRENTS 
DURING FAULT CONDITIONS 


1. Assumptions 


Voltages and currents produced under fault conditions 
are a function of the type of fault and the ratios of the 
sequence impedances. The effect of these factors on the 
voltages and currents produced can be shawn by sets of 
curves as will be done here. The four types of faults il- 
lustrated in Fig. 1 will be considered. It is assumed that 
the network is symmetrical to the point of fault, 7, and 
can be reduced to series impedances, Z1, Zz, and Zo for 
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SINGLE LINE-TO- GROUND 
FAULT (L~-G) 


3 PHASE FAULT 
({L-L-L OR 3L-G) 


LINE-TO-LINE FAULT 
(L-L) 


DOUBLE LINE~TO- GROUND 
FAULT (2L-G) 


Fig. 1—Types of faults on three-phase systems. 


the positive-, negative-, and zero-sequence networks, re 
spectively. In the present analysis the fault resistance 
represented by & and is not included in Zp. Zo includes all 
zero-sequence resistance to the point of fault but does not 
include the fault resistance. It is further assumed that all 
the generated emfs can be reduced to a single positive 
sequence emf, Ey. 


2. Formulas 


In Tables | and 2 are given the formulas* for calculating _ 
the line currents and line-to-ground voltages for the faults 
illustrated in Fig. 1. These formulas are complicated 0 a 
such an extent that it is difficult to visualize readily the 
currents and voltages that can be produced under faults 
conditions for ranges of system constants. For this reasons 
the currents and voltages have been calculated for varl0 

*Formulas taken from pages 224 and 226 of reference 1. 


Chapter 14 


ratios of system constants and the results are presented as 
series of curves. 


3, Range of Sequence Impedances Considered 


The principal impedances that usually apply to tran- 
sient conditions are the positive-sequence impedance Z,, 
{he negative-sequence impedance Z», and the zero-sequence 
impedance Zo, each consisting of a resistance and a react- 
ance component. In general, the positive-sequence resist- 
ance 22, and the negative-sequence resistance R, are small 
in comparison to the positive- and negative-sequence re- 
actances. Consequently, the effect of these two resistances 
on the magnitude of the voltages and currents during fault 
conditions is small. For this reason and because of compli- 
cations introduced by considering positive- and negative- 
sequence resistances, these factors will be neglected. Zero- 
sequence resistance Ay and zero-sequence reactance Xo can 
vary through wide ranges depending on the type of system 
grounding used, hence the curves are arranged to cover a 
wide range of zero-sequence resistance and zero-sequence 
renetance. 

The positive-sequence reactance that applies to tran- 
sient conditions may be either the sub-transient or the 
transient reactance depending on whether or not the initial 
high decrement component of the current is to be consid- 
ered or neglected. The ratio of X. to X, for commercial 
machines usually lies between 0.5 and 1.5, although with 
special machines it is possible to exceed this range. The 
higher ratios of X2 to X; are in machines without dampers 
whereas the lower ratios are in machines with dampers 
or their equivalent. In general calculations it is usually 
permissible to assume a ratio of X2/X, of unity especially 
if an appreciable percentage of the negative-sequence re- 
actance to the point of fault is in static apparatus or trans- 
mission lines. The general curves are limited to ratios 
of X» to X; within the range of 0.5 to 1.5; the formulas 


in Tables 1 and 2 can be used for ratios outside of this 
range. 
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4. Fault Current and Voltage Curves 

Curves prepared in accordance with the preceding dis- 
cussion are plotted in Figs. 2 to 6 inclusive. In these figures 
the fault current is plotted as a ratio of the three-phase 
short-circuit, and the line-to-ground and line-to-line volt- 
ages are plotted as a ratio to their respective normal values. 

In Figs. 2, 3, and 4 all resistances are equal to zero. 
Figs. 2 and 3 show the ranges of line currents and line-to- 


Curcent 
5 


Pate i i 
2ane ee ier ist ehh 
ele rac Ee ECE eee ny 
Q 1 4 5 6 © 


3 
Ratio Xo/X 


Fig. 2—Curves of fault currents vs. system reactances for 

single and double line-to-ground faults. Each curve is labeled 

to indicate the type of fault and the ratio of X./Xi. All cur- 

rents are expressed as a ratio to the three-phase short-circuit 

current, For these curves, all resistances are assumed equal 
to zero}, 


ground voltages respectively for single and double line-to- 
ground faults for ratios of X)/X, from zero to six. The 
ranges of fault current and fault voltages for ratios of 
Xo/X, between 0.5 and 1.5 are shown in Fig. 4. 


. : : R 

The ranges of fault current for ratios of — between zero 
«hl 

and six are given in Fig. 5. In this figure the ratio V./N, 


TABLE 1—FAULT CURRENTS 
a a ee 


Type of fault Vector expression, effect of fault resistance included Ba rea 3) ay Aeaes ain 
| | aaa — - ona “— "4 = 
Vhree-phase.. 0002... ee. haz z I=ly 21.298 
1 air 
; _ ~jV 3h x 
Line-to-line. oo 0.0.0 c ceca. 7 TR Tp=1,= eS 
Ig= —Tlp “pH sas 
Single line-to-ground. ....... d “3 og aR i= wae 
a] 1 2 «ho 1 «h2 
= 3B, a7 7 4 is BE, TT LY yD UP 
Ip SOP VI(da + Ri) +i ot Zt BR +6Re) | yale Yo VIIFEO NS 
_~V3ES ig ' _3£ 
Double line-to-ground e Phacisetaeas ae 2Av [ Vie ks) ~j(2o +22 + BR, +6Ry) | Ie arWi 
Te=lotle=3lo 
—3L, 
om Ap *(Z,+Rz) 
= Av = (Zi + Ri) (Zo+ Ri) +(ZitZe.+2hr)(Zo+Ri+3R,) Ou = X,X_+ Xo(X1+X2) 


21=positive-sequence impedance to the point of fault 
“= Nexative-sequence impedance to the point of fault 
°= 2ero-sec 


See Fig. 1 for definitions of K, Ru and Ry 


iuence impedance to the point of fault and does not include any fault resistance 
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covers the range of 0.5 to 1.5 and the ratio X»/X, covers 
the range of zero to five. As pointed out previously, fault 


ce) i 4 4 


3 
Ratio Xo/X 


Fig. 3—Curves of fault voltages vs. system reactances for 

single and double line-to-ground faults. Each curve is labeled 

to indicate the type of fault and the ratio of X2/X,. The volt- 

ages are from line-to-ground and are expressed as a ratio to 

the normal line-to-neutral voltages. For these curves, all re- 
sistances are assumed equal to zero’. 


resistance has been neglected in these curves; Ho is the 
zero-sequence resistance to the point of fault F and does 
not include F, Fx, or R, (see Fig. 1). It is, however, pos- 
sible to include the effect of R and R, in Fig. 1 by including 
them in Ro. 

The ranges of fault voltages for ratios of Ro/X, between 
zero and six are shown in Fig. 6. The ratios Xo/X1 and 
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X»/X, cover the same ranges as in Fig. 5. In the preparg- 
tion of these curves fault resistance has been neglected. 
All voltages are measured to true ground at the point 
of fault. 

In special cases, for example in the application of light- 
ning arresters, it is necessary to consider the effect of fault 
resistance on the voltages produced during single line-to- 


CURRENT VOLTAGE 


1a 
RATIO X2/X, 


1.3 


Fig. 4—Curves of fault voltages and currents vs. system react- 

ances for line-to-line faults. Line-to-ground and line-to-line 

voltages are expressed as ratios to their respective normal 

values. Current is expressed as a ratio to the three-phase 

short-circuit current. All resistances are assumed equal 
to zero. 


ground faults. The curves in Figs. 7 and 8 include this 
factor. The curves in Fig. 7 give the highest voltages from 
line to true ground for a fault through a fault resistance Ry. 


TABLE 2—-FAULT VOLTAGES 


a ea 


Type of Fault Vector Expression, Effect of Fault Resistance Included ce oe When 
Three-phase E,=E, Laat £,=0 
Sasahse GIS, ot ek a "Z+R a 
ye BDA ; 2X2 
Bu=EuZ 74k Eu- Ea, 
ag ez, js ey 
Line-to-line ha SPN auig th ha aS Ey = = By a Xi +X 
R_ VBR A 3X2 
pane 2 By = B= Bex CX 
x “Z+Z,+k $ ore 
3k 
a= yea a a 
San) FES LO PY ae eee 
ee _ — VBE V3(Zo +R) +i(Zo+2Z2+3R) VXotAoN Ag 
Single line-to-ground...... Ey 3 7 Zot Zi +2Z.43R Ey =E.=V3E XotXi+X2 
te VBE vB Zot 8) aad reer: Xot2Xe 
fe Zo+ZitZ.+3R Boo = VSEW XEN 
B, ae (Zot Ri +2R,) B= XX, 
Double line-to-ground..... foe VEE dat Ra) F420) +IR(2Z0+r+3Ri+6Re) | Bea Hae’ 
ie ~v i | v3 (Zx+-Ru)(Ri+2R,) — ~jRQr+Zr+3R.+6Ry) | Exp = Ene = Es 
LG REREAD ORE Raa) = X,X.4+Xo(X1+X2) 3s 


2Z1=positive-sequence impedance to the point of fault 
Z2.=negative-sequence impedance to the point of fault 


Zo=zero-sequence 1mpedance to the point of fault and does not include any fault resistance 


See Fig. 1 for definitions of R, Ki and R, 
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2.4 


2L-G SHORT-CIRCUIT 
2.2 


CURRENT 
GURRENT 


CURRENT 
CURRENT 
GURRENT 


6-- © fe) \ 2 3 4 5 6--@ 


CURRENT 
oO 

CURRENT 

CURRENT 


RATIO Ro/X, RATIO Ro /X, RATIO Ro/X, 
(a) LINE CURRENT (b) GROUND CURRENT (c) LINE CURRENT 
SINGLE LINE-TO-GROUND FAULT DOUBLE LINE~TO-GROUND FAULT DOUBLE LINE-TO-GROUND FAULT 


Fig. 5—Curves of fault currents vs. system impedances. The legend with each group of curves indicates the type of fault, the 

Current plotted, and the ratio X,/X:. The individual curves in each group are for various values of the ratio of Xo/Xi. All 

Currents are expressed as a ratio to the three-phase short-circuit current. Ro is the zero-sequence resistance to the point of 
fault and does not include any fault resistance; the fault resistance is assumed equal to zero', 
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RATIO Ro/ X RATIO Ro/ X RATIO Ro/X;, 
(a) LINE-TO-GROUND VOLTAGE (ob) LINE-TO-LINE~-VOLTAGE (c) LINE~TO—GROUND VOLTAGE 
SINGLE LINE-TO-GROUND FAULT SINGLE LINE-TO-GROUND FAULT DOUBLE LINE-TO-GROUND FAULT 


Fig. 6—Curves of fault voltages vs. system impedances. The legend with each group of curves indicates the type of fault, 

the voltage plotted, and the ratio of X,/X). The individual curves in each group are for the various values of the ratio of 

/X:. Line-to-ground and line-to-line voltages are expressed as ratios to their respective normal values. Ro is the zero-se- 

quence resistance to the point of fault and does not include any fault resistance; the fault resistance is assumed equal 
to zero!" 
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MAX. VOLTAGE ACROSS ARRESTER (€p OR @¢} 
NORMAL LINE-TO-NEUTRAL VOLTAGE 


MAX. VOLTAGE ACROSS ARRESTER {e, OR e,) 


3 
Xo/X 
(0) Ro/X,* 0.5 


(b) Ro/X, 21.0 


NORMAL LINE-TO-NEUTRAL VOLTAGE 
wu 


MAX. VOLTAGE ACROSS ARRESTER (e, OR @-) 


3 
Xo/X, 
(¢) Ro/X 1.5 


Fig. 7—Curves of line-to-ground voltages vs. system impedances for a single-line-to-ground fault through a fault resistance Ri 
Ro is the zero-sequence resistance to the point of fault and does not include R, or R;. X:/X, is assumed equal to 1.0. 


These curves cover a range of R;/X1 of zero to 6 and a 
range of /o/X, of from 0.5 to 1.5. Roy is the zero-sequence 
resistance to the point of fault and does not include Ry. 

The curves in Fig. 8 show the voltages across an arrester 
for a fault to the arrester neutral. As in Fig. 7, Ro is the 
zcro-sequence resistance to the point of fault and does not 
include Ry. 

Reference should also be made to Figs. 28 and 29 of 
Chap. 18, particularly in lightning arrester application 


ey & 


NORMAL LINE-TO-NEUTRAL VOLTAGE 


MAX. VOLTAGE ACROSS ARRESTER (ey OR e,) 


t 2 3 4 5 
Xo/X, 
Fig. 8—Curves of the maximum voltages across a lightning 
arrester for a fault to the lightning arrester neutral point. 
Ro is the zero-sequence resistance to the point of fault and 
does not include R,, the resistance of the arrester ground. 
The fault resistance is assumed equal to zero and X,/X; is 
assumed equal to 1.0. 


problems. These figures give the maximum line-to-ground 
voltages during single- or double-line-to-ground faults on 
ungrounded and grounded-neutral systems. 


Fig. 9—A-c network calculator. 


II. TRANSIENT VOLTAGES 


A transient voltage of some magnitude is present on a 
power system each time a circuit change is made. This 
circuit change may be a normal switching operation such 
as the opening of a circuit breaker, or it may be a fault 
condition such as the grounding of a line conductor. The 
existence of transient voltages on power systems as a result 
of circuit changes caused by switching operations or faults 
was recognized at an early date? The phenomena, how- 
ever, were not thoroughly investigated at the time because 
suitable measuring and recording devices were not avail- 
able and because the immediate difficulties were largely 
overcome by the adoption of the practice of grounding 
power systems. The invention by J. F. Peters? of the 
“klydonograph” made possible the collection of a mass of 
field data on transient voltages. However, the time and 
expense involved in making extensive field studies limited 
the scope of these investigations. Furthermore many in- 
vestigators were concentrating their efforts on lightning, a 
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much more important problem at that time. The intro- 
duction of the protector tube for the protection of trans- 
mission lines, however, showed the need for a better under- 
standing of power system transients because its perform- 
ance is greatly affected by them. The first attempts to 
calculate transient voltages were made by conventional 
methods using differential equations. The limitations of 
conventional mathematical methods were soon apparent, 
however, because of the tremendous amount of time re- 
quired. The introduction of the A-C Network Calculator 
Method of Studying Power System Transientst gave a 
practical tool for studying the behavior of power systems 
under transient conditions and made possible general in- 
vestigations of power-system transients. The later de- 
velopment of the Anacom, or analog computer,’ further 
increased the possible scope of power system investiga- 
tions. It is the purpose of the following sections to describe 
these computing devices, and to present the results of 
general studies made with them. 


5. The A-C Network Calculator Method of Study- 
ing Transient Voltages 


To study transients on power systems by the A-C Net- 
work Calculator Method, the system in question is set up 
in miniature on the A-C Network Calculator. In Fig. 10 is 
shown the equivalent circuit for a relatively simple system 
consisting of a generator, a transformer, and a transmission 
line. The generator is represented by a low-impedance 
three-phase supply with additional impedance in series to 
give the miniature system the same impedance as the im- 
pedance of the actual system. The zero-sequence imped- 
ance of the source is represented by a grounding trans- 
former of low impedance grounded through reactance or 


Fig. 10—Schematic diagram illustrating method of system 
representation used on the a-c network calculator. 


FRD—Fault representation device 
VMD—Voltage measuring device 


resistance depending upon the type of grounding used. In 
the equivalent circuit in Fig. 10 the transmission line is 
represented by an equivalent 7 section. This type of line 
representation is used in some studies but often it is neces- 
sary to employ more complicated networks. The choice 
of the network to use for representing a section of line 
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depends upon several factors, such as line length, supply 
impedance, ete. 

After the miniature system has been set up as shown in 
Fig. 10, the equipment shown diagrammatically in Fig. 14 
is used for performing switching operations or for applying 
faults. Each of the synchronous switches shown at the 
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Fig. 11—Schematic diagram showing equipment used in a-c 
network calculator method of studying transients. 

M-—Synehronous motor 
G—Gear 
FRD—Fault representation device 
C—Synchronous switches 
AR—Arc resistance representation 
GR—Ground resistance representation 
Vi\ID—Voltage measuring device 
CRO—Cathode-ray oscilloscope 
L—Lens system 
PFH—Polar film holder 


bottom of Fig. 11 consists essentially of a conducting and 
an insulating segment on a drum and two movable brushes, 
one for controlling the closing and the other the opening of 
the switch. Each brush is located on a gear that can be 
rotated by a worm, making the brush adjustable through 
360 degrees. 

For representing faults on power systems the switches 
are connected between line and ground or between lines 
depending upon the type of fault being studied. Where 
circuit breaker operations are to be simulated the switches 
are inserted in series with the line. The switching opera- 
tions are repeated once per revolution of the drum and, as 
the drums are rotated by a synchronous motor, the switch- 
ing operations always take place in synchronism with the 
system voltage. The transient voltage produced by the 
switching operation is therefore repeated once per revolu- 
tion of the drum. All transient voltages are measured by 4 
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eathode-ray oscilloscope connected to the miniature net- 
work. By repeating the transient a number of times per 
second, the equivalent of a steady-state voltage is produced 
on the sercen of the cathode ray oscillcscope. This makes 
it possible to study a transient that lasts for a fraction of 
acycle without taking oscillograms. The effect of initiating 


Fig. 12—Switching and recording equipment used with a-c 
network calculator. 


the transient at different points on the normal dynamic 
voltage wave can be studied by simply changing the posi- 
tions of the brushes on the synchronous switch. The time 
interval between successive transients is so chosen as to 
bring the system back to normal between switching 
operations. 


6. The Analog Computer 


The analog for many systems (electrical, mechanical, 
thermal, etc.) requires low-loss inductance coils, amplifiers, 
multiphers, and other special circuit elements. The analog 
computer,®> or Anacom, was developed primarily for the 
solution of these systems. Its characteristics, however, 
make it ideally suited to the solution of all power-system 
transient problems formerly studied on the a-c network 
calculator. The Westinghouse Electric Corporation now 
makes all electric transient studies on the Anacom, reserv- 
ing the a-c network calculator for power system problems 
such as voltage regulation, load flow, stability, ete. 

In most cases the procedure for setting up a problem and 
obtaining a solution is the same with the Anacom as with 


Fig. 13—General view of the large-scale, general-purpose 
electric analog computer, 
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Fig. 14—Close-up view of the Anacom control desk and 
synchronous switch. 


the a-c network calculator. An analog is formed by con- 
necting circuit elements, 2, L, and C, into a circuit that has 
the same differential equation as the system under con- 
sideration. Synchronous switches are usually used to re- 
peat the desired transient solution a number of times per 
second, which permits visual and photographic measure- 
ments on a cathode-ray oscilloscope. In power system 
studies the switches normally represent circuit breaker 
operation or faults. 


Fig. 15—Details of an Anacom inductance-resistance drawer. 


The computer elements include inductance coils having 
a Q of 100 or higher over the frequency range from 100 to 
1000 cycles; precision capacitors and resistors; special 
transformers having minimum exciting current, leakage 
impedance, and distributed capacitance; amplifiers, and 
multipliers. Special analogs have been developed to repre- 
sent lightning arresters, corona, and other non-linear char- 
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acteristics. .The use of the synchronous switches in com- 
bination with R, L, and C circuit elements, amplifiers and 
multipliers permit the formation of special forcing func- 
tions such as lightning surges, air-gap torques in turbine 
generators during short circuits, etc. The measuring equip- 
ment includes cathode ray oscilloscopes with suitable 
photographic means, harmonic analyzers, wire and tape 
recorders, and all types of conventional ammeters, volt- 
meters and wattmeters. 

The Anacom is arranged with d-c, 440-cycle, and 60- 
cycle power supplies to solve problems normally assigned 
to the a-c and d-c network calculators; however it is nor- 
mally used in the transient field. It is suited to the solution 
of many problems of concern to power company engineers, 
including recovery voltage, switching-surge and arcing- 
ground investigations, surge-protection applications, tur- 
bine generator short-circuit torques, analysis of generator 
voltage regulating systems and motor-starting problems. 
It can be used in solving many equipment design problems 
such as surge-voltage distribution in transformers and ro- 
tating machines, dielectric field mapping, and heat-flow. 
Its possible application in the fields of applied mechanics, 
hydraulics, thermodynamics and servomechanisms is 
almost unlimited. 


7. Recovery Voltage 


Theory—One transient phenomenon studied by the 
A-C Network Calculator Method is system recovery volt- 
age, which is important because of its effect upon the oper- 
ation of circuit interrupting and protective devices, such 
as circuit-breakers, protector tubes, ete. The simple circuit 
in Fig. 16 can be used for defining system recovery volt- 


4 
e 


Fig. 16—Simple system for illustrating recovery voltage for a 
fault (F). 


er—Voltage across fault 
u%—Fault current 


ages. In this circuit a condenser C is used to represent a 
transmission line, and a voltage and an impedance, the 
source. Applying a short-circuit across the condenser in 
this circuit is equivalent to applying a line-to-ground fault 
on @ single-phase power system. During the time the con- 
denser is short-circuited, a fault current 7 will flow. If the 
resistance in the source is small in comparison to the react- 
ance, this fault current will lag the generated voltage e, by 
approximately 90 degrees. If the short-circuit is removed 
at the instant the fault current passes through zero, the 
voltage across the condenser will not immediately return to 
normal but will reach normal only after a series of oscilla- 
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tions. No voltage can appear across the condenser until it 
is charged up and the charging rate is fixed by the source 
inductance and the capacitance. When the short-circuit ig 
removed, the condenser voltage will be accelerated toward 
normal but will overshoot because of the circuit inductance, 
Tf no losses were present in the circuit the transient voltage 
across the condenser would reach a crest equal to twice 
normal crest voltage. In a practical circuit with some loss, 
the oscillation will not quite reach twice normal; it will 
eventually be damped out, leaving only the normal- 
frequency voltage across the condenser. 

This transient voltage across the condenser, following 
the removal of the fault, is commonly referred to as the 
system recovery voltage as it defines the manner in which 
the system voltage “recovers” following the removal of the 
fault. Changing the source reactance in the circuit in Fig, 
16 is equivalent to changing the amount of generation con- 
nected in a power system, and changing the value of capaci- 
tance is equivalent to varying the length of line connected. 
The natural frequency of the oscillation in the circuit in 
Fig. 16 depends upon both the inductance and the capaci- 
tance and varies inversely as the square root of the product 
of these two quantities. The recovery voltage of a power 
system therefore depends upon the connected generator 
capacity and the length of line. 

The De-ion Protector Tube—As previously stated, 
recovery voltage is important because of its effect on the 
performance of circuit interrupting and protective devices. 
This can be shown by a detailed study of the operation of a 
De-ion protector tube. A typical installation of protector 
tubes is shown in Fig. 17. In this case the protector tube is 
mounted vertically just below the line conductors. The 
lower electrode of the tube is connected to ground and the 
upper electrode is connected to an arcing horn used to 
maintain a constant external gap between the upper elec- 
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trode and the line conductor. The cross-section of a pro- ; 
tector tube in Fig. 18 shows the two electrodes and the 

internal gap. In operation, lightning striking the line | 
breaks down the series gap instead of flashing over the § 
insulator string because the tube has the lower breakdow2 -g 
voltage. After breakdown of the gap, power-follow current 4 
volatilizes a small layer of the fiber wall and the gas giveD ¥ 
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off mixes in the arc to help de-ionize the space between the 
electrodes. A pressure is built up in the tube and the hot 
ases are discharged through the lower electrode, which is 
hollow. If the de-ionizing action is sufficiently strong and 
if the voltage does not build up too rapidly across the 
tube, the arc will go out at a current zero and will not be 
re-established, 
While the tube is discharging, it is a good conductor and 
after the arc has been extinguished it is a good insulator. 


‘] 


ARCING 
HORN 


RO Oes 
‘ te 

SSF, 

moe 4 H 


= 


Ss 


SSS SS 


UPPER 
ELECTRODE 


SS 


Bn 


Soneeeeeeaeeeennnny eenentnyeseennnes 


ASA 


Snes 


SS 


SS = 
a2 
5 

m 
ma 


SS 
= 
a 
Pad 
a 
A 
> 


eS 


I 
i 
t 
oH 


Fig. 18—Cross-section of a typical De-ion protector tube. 


This change from a good conductor to a good insulator does 
hot take place instantaneously because time is required to 
discharge the hot gases from the tube. It is therefore im- 
Portant that the voltage across the tube does not build 
up more rapidly than the change in the protector tube 
dielectric strength. This is where recovery voltage enters 
the picture because recovery voltage determines the rate 
of build-up of the voltage across the tube. 

_ In Fig. 19 the recovery voltage for the circuit in Fig. 16 
18 replotted to a larger scale. Curves A and B in this figure 
are typical of the shape of insulation recovery curves for 
two different protector tubes. It is of utmost importance 
that the protector tube insulation recovery curves always 
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RECOVERY 
VOLTAGE 


TIME 


Fig. 19—Comparison of system recovery voltage and insula- 
tion recovery curves. 


A—Insulation Recovery Curve for Tube A 
B—Insulation Recovery Curve for Tube B 


lie above the system recovery voltage curve, otherwise the 
are will be re-established in the tube. Protector tube B 
would not operate satisfactorily on a system having re- 
covery voltage characteristics similar to the recovery volt- 
age in Fig. 19. A tube similar to tube A would have to 
be used. 

The recovery voltage for the simple circuit in Fig. 16 is 
made up of a single-frequency oscillation. In a practical 
power system, the recovery voltage does not usually consist 
of a single-frequency oscillation but is usually made up of 
two or more high-frequency components. In Fig. 20 is 
shown the recovery voltage following a single line-to- 
ground fault on a 138-kv, three-phase system having a 
symmetrical three-phase short-circuit current of 1000 am- 
peres and 90 miles of overhead transmission line. The 
recovery voltage in this case consists of two high-frequency 
components and is typical of the shape of the recovery 
voltage on many three-phase power systems. 


RECOVERY VOLTAGE IN % OF NORMAL CREST 


800 
MICROSECONDS 


1200 1600 


Fig. 20—Recovery voltage curve for a typical power system. 
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General Recovery Voltage Study—A broad per- 
spective of the recovery-voltage problem can be obtained 
from the study of a representative set of systems. For this 
purpose three-phase, 60-cycle systems with transmission 
lines of three voltage classes, namely, 34.5, 69, and 138-kv 
were selected. Since the recovery voltage of a system is 
materially affected by the length of connected line, the 
lengths were selected to represent the shortest that would 
be encountered at that particular voltage for the large 
majority of systems. These selections were as follows: 22.5 
miles for 34.5 kv, 45 miles for 69 kv, and 90 miles for 138 
kv. Although it was recognized that more than one circuit 
would be required to transmit the maximum amount of 
power a single-circuit line was used because this gives the 
more severe recovery-voltage conditions. 

The general features of these systems are shown sche- 
matically in Fig. 21. For each voltage class three different 


SOURCE 


Fig. 21—Schematic diagram of system selected for study. 


Group I. Solidly grounded at both ends. Used for curves of Fig. 
22. 
Group IJ. Reactance grounded at sending end; ungrounded at re- 


ceiving end. Used for curves of Fig. 23. 


conditions were assumed, each having different amounts of 
generating capacity and load. Table 3 gives the symmet- 
rical three-phase short-circuit current that would be en- 
countered for a “bolted fault” at the sending end. Systems 
capable of supplying the higher short-circuit currents have 
in general larger connected loads. Table 3 gives the ratio 
of short circuit kilovolt-amperes to load kilovolt-amperes 


TABLE 3— CHARACTERISTICS OF SYSTEMS SELECTED FOR STUDY 


Voltage 34.5 Kv 69 Kv 1388 Kv 
Short-Circuit Amperes 
(a) 500 500 500 
(b) 2 000 2 000 1 000 
(c) 6 000 6 000 4 000 
Short-Circuit KVA 
—————— : 4, 3.0 
Load KVA Ey . 
Line Length (miles) 22.5 45 90 


that was used in this study. Both no-load and loaded 
conditions were considered. An 80 percent power factor 
load was divided equally between the generator bus and 
the receiver bus as shown in Fig. 21. 

The generating and transformer capacities were propor- 
tioned to the load for the particular system and short- 
circuit current, and typical constants were assumed for all 
of the system elements. Transmission lines without ground 
wires were chosen. The additional complication to take 
care of the cases with ground wires is not warranted be- 
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cause the problems are similar and also the recovery 
voltages are less severe when ground wires are used. 

In making the general analysis the factors varied were: - 
method of grounding, load, type of fault, fault resistance 
arc resistance, and location of fault. The studies can gone 
veniently be divided into two groups with respect to the 
method of grounding, namely: group I with system solidly 
grounded both at sending- and receiving-end transformers, 
and group II with the system grounded through a react- 
ance at the sending end only. The solidly grounded sys. 
tems, of group I, were studied for both single line-to. * 
ground and double line-to-ground faults and for fault or 
tower-footing resistance of 0, 25, and 100 ohms, and with 
and without resistance for arc representation. The effect 
of load was investigated by comparing the results of the 
above tests with results of a few tests made without load 
and without fault or are resistance. The second set of tests 
for the reactance-grounded system, group II, was made 
with the addition of a neutral reactor of such magnitude 
as to make the zero-sequence reactance at the sending end 
equal to 8.5 or 34 times the zero-sequence reactance of the 
supply transformer. 

Results of General Study—lIn an investigation of 
this type it is not practical to consider the application of 
the fault at several points of the system. A preliminary 
study was, therefore, made to determine the effect of mov- 
ing the fault along the line. Considering the shape of 
insulation-recovery voltage curves for specific pieces of - 
apparatus, it was concluded that the recovery-voltage con- ~ 
ditions were about as severe for faults at the sending end 
as at any location along the line. Therefore, the fault at 
the sending end was considered to be representative and 
was used in the general studies. 

Based on the selected systems, a series of studies was 
made on the a-c network calculator to determine the effect 
of the different factors entering into the recovery-voltage 
problem. These studies may be divided into two groups; 
group I for systems with solidly-grounded neutral, and 
group II for the reactance-grounded systems, described in .. 
connection with Fig. 21. The results of these studies are ~ 
presented in Figs. 22 and 23 respectively. The manner in | 
which these data are plotted can more readily be understood *: 
by referring to Fig. 20. The recovery voltage curve in this - 
illustration has two predominate crests. If the insulation ~ 
recovery curve for a protector tube lies above these crests, 
the tube will perform satisfactorily. In the general applica- © 
tion of protector tubes it is not necessary to have the 
complete recovery-voltage curve if the data corresponding 
to these predominate crests are available. Therefore, in 2 
summarizing the results of the general study only the data 
pertaining to these predominate crests were plotted im -s 
Figs. 22 and 23. 13 

Referring to Fig. 22, it will be seen that for each voltage 
class studied the time to the first crest and to the maximum 
overshoot, as well as the magnitude of the first crest an 5 
the maximum overshoot are presented for the single line-igj 
to-ground and double line-to-ground fault cases. For these g 
curves the abscissa is the current magnitude for a syM-4 
metrical three-phase short-circuit at the sending end. The " 
results for a system under load are plotted for each current 
condition, with and without the arc representation deviceg 
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for 0-, 25-, and 100-ohms tower-footing resistance. For 
comparison, one study with no load and with zero arc and 
tower-footing resistance is plotted. The arc representation 
device makes use of Rectox resistors to simulate the arc 
characteristics of a protector tube. The Rectox resistor 
was adjusted to give approximately 20 percent of line-to- 
neutral voltage at the peak of the symmetrical short-circuit 
current wave. 

Fig. 23 presents the results of similar studies made on 
the same systems except with reactance grounding. The 
system arrangement with respect to grounding is shown 
in Fig. 21. 

Application of Data—Although the recovery-voltage 
data presented are useful in a number of applications, the 
particular application of the protector tube will be taken 
as an illustration. The case of a 34.5 kv solidly-grounded 
system with 22.5 miles of transmission line with a sym- 
metrical three-phase short-circuit current of 4,000 amperes 
at the sending end has been selected. No-load and zero-are 
and tower-footing resistance give the highest recovery volt- 
age for both single-line-to-ground and double-line-to- 
ground faults as shown in Fig. 22. The data for these two 
cases have been plotted in Fig. 24. The insulation recovery 
curves for two protector tubes are also included in this 
figure. Curve T, extends below the system recovery volt- 
age curve for the case of a single-line-to-ground fault but 
is always above the corresponding curve for the case of a 
double-line-to-ground fault. As both types of faults must 
be considered in the application of protector tubes, a tube 


R, ~ RECOVERY VOLTAGE | L-G FAULT 
Re- RECOVERY VOLTAGE 2 L-G FAULT 
T, — DIELECTRIC RECOVERY~TUBE A 
Ta2~ DIELECTRIC RECOVERY-TUBE B 


RECOVERY VOLTAGE - PERCENT OF NORMAL CREST 


400 600 800 
TIME IN MIGROSECONDS 
Fig. 24—-Comparison of system recovery voltage and dielec- 


tric recovery curves for De-ion protector tubes.’ Recovery 
voltage data re-plotted from Fig. 22. 
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having characteristics similar to curve T: should be useq | 
for this system. 

Using the data in Figs. 22 and 23 it is possible to predigt 
the performance of any protector tube on any of the typical 
systems studied in this general investigation. A more de 
tailed discussion of the application of these data is jp. 
cluded in Chap. 17. 


8. Distribution-System Recovery Voltage Char. 
acteristics 


The data in Sec. 7 are not generally applicable to the 
lower-voltage circuits because of the differences in source 
reactances, circuit arrangements, line lengths, conductor 
spacings, etc. For this reason, a study’ was made on the 
analog computer to obtain fundamental data on the re. 


INFINITE 
BUS FOUR WIRE 


MULTIGROUNDED SYSTEM 
AA 


Fig. 25—Distribution system selected for study on Anacom, 


covery voltage characteristics of circuits in the 2400-to 
13 800-volt range. The general study was limited to the 
case of a four-wire, multi-grounded system supplied from a4 
delta-star power transformer, connected to an infinite bus 
on the primary side and solidly grounded on the secondary 
side. 

Geometric-mean distances of 2.66 feet between phase 
conductors, and 4.1 feet between the phase and the neutral 
conductors were assumed. These spacings give reactances 
that are an average of the values obtained over the range 
of spacings normally used between 2400 and 13 800 volts. 
The small variations introduced by changes in spacing are 
not considered significant in the general problem. A con- 
ductor height of 30 feet and a ground resistivity of 100 
meter ohms were used in all studies. The phase- and. 
neutral-conductor sizes were assumed to be the same, and 
were varied between 4/0 and No. 6 copper. The line 
constants for these two extreme conductor sizes are 
included in Table 4. 


TABLE 4— CONSTANTS OF TYPICAL DISTRIBUTION CIRCUITS 


System Copper 21 Zo C1 Co 
Size 
jee 
4-wire 4/0 | 0.278+-30.615 | 0.564+ 71.89 | 0.0187 0.0078 
No. 6 | 2.18 +70.756 | 2.93 + 72.77 | 0.0149 0.0069 
3-wire 4/0 | 0.278+70.615 | 0.564-+33.15 | 0.0187 | 0.0063 
No. 6 | 2.18 + 70.756 | 2.47 + 73.29 | 0.0149 0.0059 
Single-phase] 4/0 Z =0.373 + 71.04 


Note: All impedances in ohms per mile at 60-cycles. All capacitances in micro" 


farads per mile. ne 


Fault location was found to have a significant effect 89 ., 
faults were applied on the sending-end bus and at the 4»; 
¥, and 1.0 points, the latter being the open end of the line. 

The studies were made by applying single- and double- 
line-to-ground faults at four locations, and recording the; 
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times to 90-percent voltage, and the times and magnitudes 
associated with the maximum recovery-voltage transient. 
These data are illustrated in Fig. 26 for the case of a single- 
jine-to-ground fault on an cight-mile system. Time is ex- 
pressed in microseconds and voltage in percent of normal 
line-to-ground crest voltage. It is evident that fault loca- 
tion has considerable influence on the pertinent data. With 
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Fig. 26—-Method of recording and interpreting data illus- 
trated for one line-to-ground fault on eight-mile, four-wire 
system. 


a two-ohm source, the time to 90-percent voltage is a 
minimum for a sending-end fault, whereas a receiving-end 
fault dictates this time with an eight-ohm source. Maxi- 
mum voltages are obtained for faults away from the send- 
ing-end bus. However, many cases were noted where the 
maximum voltage did occur for sending-end faults, es- 
pecially where small line conductors were represented. This 
illustrates the complexity of the problem, and the need 
for considerable data before formulating conclusions. 

As it would be impractical to summarize, in the form of 
useful curves, all of the data obtained, a simple uniform 
method of interpretation was adopted. As a protective 
device must function at any location on a circuit, it is 
necessary to know only the most severe circuit conditions, 
regardless of fault location. With this in mind, a straight 
line was drawn to connect the points giving the minimum 
times to 90-percent and maximum recovery voltage. This 
line then defines the voltage-recovery characteristics of the 
particular system. In certain cases, such as the eight-ohm 
system in Fig. 26, the defining straight line was extended 
through one maximum voltage point to a horizontal line 
that intercepts the highest voltage recorded. This results 
Ina simple method of plotting data without being ultra- 
Conservative. In the case illustrated, the maximum re- 
Covery voltage would be recorded as 170 percent at 140 
microseconds. 

The times to 90 percent and to maximum recovery volt- 
age were obtained by plots similar to Fig. 26. These times 


were then reduced to a one-mile basis by dividing by the 
line length in miles; then plotted as a function of the 
X/M ratio (ratio of source ohms to line length in miles). 
These data are summarized in Fig. 27 for single- and 
double-line-to-ground faults, and 4/0 and No. 6 copper 
conductors. The times, for a given V/J/ ratio, do not 
vary greatly with the type of fault or the conductor size, 
even though consideration was given to various fault 
locations. For this reason, it was decided that practical 
answers could be obtained by drawing a single curve under 
each set of data. The differences between the actual times 
and those defined by the lower-limit curves were not 
considered important in view of the complexity of the over- 
all problem, and the complicated circuits encountered in 
practice. The actual times for any given line length can be 
obtained by multiplying the values in Fig. 27 by the line 
length in miles. 

The maximum voltages measured are plotted in Fig. 28 
as a function of the X/M ratio. Values are included for 
four conductor sizes, which allows an evaluation of this 
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Fig. 27—Times to 90 percent and maximum recovery voltage 
referred to a one-mile line basis. T).9/M, Tm/M—times to 90 
percent and maximum voltage divided by line length in miles. 

X—60-cycle source reactance in ohms 

I—T m/M neglecting line inductance 

II—T.9/M neglecting line inductance 

IlI—1p.9/M neglecting line reflections 


variable on the voltages obtained. Conductor size has the 
most influence on the maximum voltages when the X/M 
ratio is small. With 4/0 conductors the voltages do not 
vary appreciably with the X/M ratio, and can be repre- 
sented by a straight horizontal line equal to 175 percent 
for single-line-to-ground faults and 205 percent for double- 
line-to-ground faults. If protective devices are to be 
applied independent of conductor size, these maximum 
values should be considered as a basis for standardization. 
The voltages are expressed in percent of normal line-to- 
ground crest voltage and apply to systems in the 2400- to 
13 800-volt range. 
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Fig. 23—Maximum recovery voltages as a function of X/M 
ratio. 


X—Source reactance in ohms 
M-—Line length in miles 


General Circuit Arrangements—The data in Figs. 
27 and 28 are obtained for a source and a single line, which 
would be an exceptional condition in practice. It is there- 
fore necessary to have available a definite procedure for 
estimating the voltage-recovery characteristics of the more 
practical systems, consisting of a multiplicity of trunk 
feeders and laterals. Guided by the results of analog 
computer studies of a few special cases, theoretical equa- 
tions have been derived for estimating the voltage-recovery 
characteristics of practical systems, and are included in 
this section. 

Studies’? were made of a system with 16 miles of line 
connected as (1) one 16 mile line, (2) two eight-mile lines 
in parallel, and (3) one four-mile line in parallel with one 
12-mile line. The following conclusions were drawn from 
the data obtained: 

1. The time to 90-percent voltage is a minimum with a 

single line. 

2. The time to maximum recovery voltage isa minimum 

with more than one line in parallel. 
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. voltage for large X/M ratios. 
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Because of conclusion 2, calculations were made fop 
the case of an infinite number of lines in parallel, by 
neglecting all line inductance and representing the lineg ° 
by lumped capacitances. These data, for a single-line-tg. - a 
ground fault on a two-ohm, 16-mile system are given jn 
Table 5. The maximum voltages vary between 168 and 


TABLE 5— CALCULATED RECOVERY-VOLTAGE DATA FOR A SOLIDLy. 
GROUNDED SYSTEM CONSISTING OF A TWwo-OHM SOURCE AND 
16-MILEs oF LINE 


— eT eee 


Conductor ; 
Sine System To.9 Tm En 
No. 6 3-wire 43.5 90 175 
; 4/0 " 3-wire 47.3 95 168 
‘ "No. 6 4-wire 45.3 Q4 183 
4/0 4-wire 49.6 103 180 


See, ee 
Note: The above data were calculated for a single-line-to-ground fault, neglecting #., 
loss and line inductance. -: 


183 percent, and compare favorably with the 175 percent 
obtained in the general study for single-line-to-ground 
faults. The times to maximum voltage range between 90 
and 103 microseconds, the shorter time being obtained * * 
with the smaller conductor on a three-wire system. The “ 
time to 90-percent voltage is also a minimum for thissame 4: 
system. ane 

Whenever line inductance can be neglected, the signifi. “& 
cant recovery voltage times vary as \/X/, where X is the © 
60-cycle source reactance and M is the total miles of 
connected line, assumed to be equal on the three-phases. , 
Curve I, Fig. 27, is the calculated curve for times to ' 
maximum voltage for a single-line-to-ground fault on a 
No. 6-conductor, three-wire system. This straight-line 
curve approaches the analog computer data for X/M > 
ratios above 1.0, even though the computer data were ob- 
tained for a single line, and the calculated curve applies for 
an infinite number of lines in parallel. This shows that 
line inductance has little effect on the times to maximum. 
The significant time to: 
maximum voltage for the case of a 4-mile line and a 12-.; 
mile line in parallel is plotted in Fig. 27. This point falls 
closer to Curve I than to the single-line curve. As most 4 
systems have a multiplicity of circuits, it is suggested that 
curve I be used for estimating times to maximum voltage, 
regardless of circuit arrangement. Curve II, Fig. 27, 
represents the times to 90-percent voltage for the case of 
an infinite number of parallel circuits. The times to 90- 
percent and maximum voltage, for the limiting case of an 
infinite number of feeders in parallel, can be estimated a8 ‘ 
follows: 


(1) To.9=7.7 “XM microseconds. 
(2) Tm =15.9 /XM microseconds. 

Note: X is the 60-cycle source reactance in ohms, 
and M is the connected overhead line in miles 
per phase, including trunk feeders and laterals. 
The constants in the equations were deriv 
from the calculated times in Table 5 for a No.' 
6 conductor, three-wire system. ar 


The computer data in Fig. 27 fall close to Curve II ford 
X/M ratios larger than approximately 14. Below this 
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ratio, the times for a single line are not a function of line 
length, but only of source reactance. The minimum times 
were obtained for single-line-to-ground faults on the send- 
jng-end bus, and the recovery voltage reached the 90- 

ercent values before reflections returned from the open 
end of the line. These times therefore vary directly with 
the 60-cycle source reactance, and follow Curve ITT. 

With several long feeders in parallel, and a low source 
reactance, the times to 90-percent voltage are independent 
of line length, and vary directly with source reactance and 
with the number of feeders connected to the source bus. 
These cases can be represented in Fig. 27 by additional 
curves in parallel with Curve III, and with the times for a 
given X/M ratio increased directly with the number of 
parallel feeders. The times to 90-percent voltage for these 
Jong-line cases, where line reflections can be neglected, can 
be estimated from the following relation: 


(3) To9=13.8 NX, where X is the 60-cycle source re- 
actance in ohms and N isthe number of long feed- 
ers in parallel. The constant in the equation 
is the calculated time to 90-percent voltage for 
a system consisting of a one-ohm source and a 
single No. 6 copper overhead circuit. 


In any particular case being studied, the time to 90- 
percent voltage should be calculated by Eqs. (1) and (38), 
and the minimum time thus obtained should be used. 
This procedure will give conservative results for systems 
normally encountered in practice. 


9, Switching Surges and Arcing Grounds 


The transient voltages discussed in the previous sec- 
tion were based on the opening of a circuit without re- 
striking. Under some conditions restriking of the are can 
occur, resulting in transient voltages of higher magnitude 
than produced with no restriking. Circuit changes that 
produce the highest transient voltages involve arc paths. 
The are path may be in the fault or it may be in a circuit- 
interrupting device such as a circuit breaker. If the in- 
termittent arcing takes place in a fault_to ground, the, 
phenomenon is called an arcing ground. However, if the 
arcing Occurs In a circuit-interrupting device the voltages 
produced are called switching surges. 

“The mnechanism by which aternittent arcs produce 
high transient voltages can best be explained by using 
simple circuits that are basically equivalent to actual power 
systems. Also it is convenient to represent the intermit- 
tent are by a switch, the opening and closing of which is 
equivalent to the extinction and restriking of the arc, 
Tespectively. Using simple circuits, the mechanism of 
Producing transient voltages will be explained for both 
arcing grounds and switching surges. 

_Arcing Grounds—Theory—The circuit in Fig. 29 
illustrates the phenomenon during an arcing ground on 
& system. The windings of a three-phase generator are 
Tepresented by simple 7’ networks. The generator is as- 
Sumed to be grounded through a neutral reactor, the re- 
actance of which is large in comparison with the gen- 
frator winding reactance. It is further assumed that an 
arcing fault occurs at the terminals of the generator. If, 
or the purpose of discussion, the unfaulted phases are 
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Fig. 29—Arcing fault at the terminals of a three-phase gen- 
erator grounded through a neutral reactor. 
X,—Reactance of generator winding 

C—Capacitance of generator winding to ground 
X,—Neutral reactor 

I—Fault current 

éy—Fault voltage 

e,—Internal voltage of generator 


neglected, the circuit in Fig. 29 (a) can be reduced to the 
simple circuit in Fig. 29 (b). 

In the assumed circuit the fault current will lag the 
generated voltage by 90 electrical degrees as loss has 
been neglected. If the arc in the fault is extinguished at 
the instant the fault current passes through zero, as 
shown in Fig. 29 (c), the voltage across the fault will not 
immediately return to normal but will oscillate around 
normal. It will reach a crest of twice normal voltage, 14 
cycle of the high frequency oscillation after the arc is 
extinguished. This oscillation is the same as the simple 
oscillation discussed in connection with Fig. 16. During 
the fault, approximately full generated voltage appears 
across the neutral reactor as it has been assumed that the 
reactance of the neutral reactor is large in comparison to 
the machine reactance. Therefore at the instant the arc 
is extinguished in the fault, the voltage across the reactor 
is approximately equal to the crest value of the gener- 
ated voltage. After the arc is extinguished the steady- 
state voltage across the neutral reactor is zero. The re- 
actor voltage will therefore oscillate from a plus 100 per- 
cent voltage to a negative 100 percent voltage following 
are extinction. 

Now, if the voltage across the arc rises faster than the 
dielectric strength of the are space recovers, the arc will 
restrike. This restriking of the arc can occur at any 
point on the wave of high frequency voltage across the 
arc. Suppose the arc restrikes when the voltage across 
the dielectric reaches its maximum value of twice normal. 
After the restrike occurs the fault voltage will drop to 
zero as shown in Fig. 29 (c). After the arc restrikes the 
steady-state voltage across the neutral reactor will be 
approximately equal to the crest value of the generated 
voltage. The reactor voltage will therefore start at a 
negative 100 percent voltage at the instant the arc is 
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reestablished and will oscillate around normal voltage, 
reaching a crest of three times normal. 

In the above analysis it was shown that the voltage 
across the neutral reactor can reach three times normal 
line-to-ground voltage even when the arc is reestablished 
only once. This process can be repeated several times re- 
sulting in still higher voltages. In this analysis it was as- 
sumed that arcs were extinguished at zero points of the 
high-frequency current wave (except for the first extinc- 
tion) and ares were established at the crest of voltage 
waves. Other theories?*® of arcing are based upon fun- 
damental frequency arc extinction and restriking. 

Switching Surges—Theory—tThe transient voltages 
produced during the de-energizing of an unfaulted line 
section are shown in Fig. 30 for a single-phase system in 
which the line is represented by a condenser. The suc- 
cessive steps of building up the capacitor voltage are 
shown in Fig. 30 (b). Normal capacitor voltage has been 
added as a dotted curve. The capacitor voltage is nor- 
mal and at point A the switch is opened and a charge is 
left on the capacitor. The switch voltage is now the 
algebraic sum of the generated voltage and the voltage 
resulting from the charge on the capacitor. It will reach 


a& maximum of twice normal generated voltage at one-- 


half cycle of fundamental frequency after the switch is 
opened. At point B the capacitor voltage has a value of 
+1 in per unit values, whereas the normal capacitor 
voltage, with the switch closed, is —1. If the switch is 


(a) 


VOLTAGE ACROSS 
CAPACITOR "C" 


(b) 


Fig. 30—De-energizing an unfaulted line section, 


Note: Switch opened at A, C, E 
Switch closed at B, D 


closed at this time the capacitor voltage will tend to 
reach a value of —1 but because of the circuit inductance 
or inertia the voltage will overshoot and, without damp- 
ing, will reach —3. If now the switch is opened, the 
capacitor will have a charge corresponding to a voltage 
of —3. If the switch is again reclosed one-half cycle after 
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opening, the capacitor voltage will tend to reach a value 
of +1 but will overshoot to +5. Thus the voltage buildg 
up according to the series, 1, 3, 5,7, ... and will have no 
limit if damping is neglected. In this analysis it has beep 
assumed that the inductance is small and that the nat. 
ural frequency of the circuit is high in comparison to the 
fundamental frequency. 


SOLID 
FAULT 


(a) 


Xn 
eu c 


(b) 


Fig. 31—De-energizing a line section subjected to a single 
line-to-ground fault. 


A third important case is de-energizing a line section 
subjected to a single line-to-ground fault. Consider a 
solid single line-to-ground fault on phase’C of the three- 
phase system in Fig. 31. Assume the fault is cleared by 
the opening of the circuit breaker with arcing in pole A. 
First, if Xy is large in comparison to the reactance of the 
generator, full line-to-line voltage will appear between 
phase A and ground, independent of whether pole A of 
the breaker is closed or open. For simplicity the three- 
phase system can be reduced to the circuit in Fig. 31 (b) 
in which the breaker is represented by a switch. Normal 
line-to-line voltage has been inserted back of Xx. The 
only difference between this circuit and the one in Fig.’ 
30 is in the voltage back of the circuit reactance; the 
voltage in Fig. 30 (a) is normal line-to-neutral voltage 
and the voltage in 31 (b) is normal line-to-line voltage.~ 
The transient voltages produced in the circuit in Fig. 31 
(b) will therefore be equal to 1/3 times the voltages pro- 
duced in Fig. 30 (b). The voltage across the capacitor will 
then increase according to the series 1/3 (1, 3, 5, 7-—--)- 

Characteristics of Arc Path—In Fig. 32 is shown 
the voltage across the switch for the transient conditions 
in Fig. 30. The switch voltage is found by subtracting 
the condenser voltage from normal generated voltage. 
The first arc reestablishment occurs at A at twice normal 
voltage. This requires that the dielectric strength of the 
arc path recovers along some curve such as I, that 18, 
along a curve above the curve of recovery voltage until 
at point A where they intersect. While the are path is 
conducting, the dielectric strength of the switch is prac- 
tically zero. When the arc is again extinguished, the 
dielectric strength curve again starts from zero but re ¢ 
covers much more rapidly and intersects the curve 9 
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Fig. 32—Dielectric recovery characteristics assumed in Fig. 30. 


recovery voltage at the point B causing a second re- 
strike. If the dielectric strength of the arc path recovered 
along some curve III the are would not reestablish at B. 
These curves show the requirement for the dielectric 
strength of the arc path to obtain high overvoltages. If 
curve I were not as high as shown, the restrike would 
have occurred at a lower voltage, and the capacitor volt- 
age would not have been as large as shown in Fig. 30 
(b). If the dielectric strength had built up at a more 
rapid rate, no restrike would have taken place. Thus, the 
dielectric strength must build up at a higher rate after 
any extinction than it did after the preceding extinction 
to develop cumulatively higher voltages. This phenom- 
enon is unlikely to take place in open air between sta- 
tionary contacts because such an are path is unlikely to 
develop the required dielectric recovery strength. In 
confined arcs, where the pressure may increase after each 
conduction period, this phenomenon may take place. 
Separation of breaker contacts has a tendency to cause 
higher dielectric strength recovery rates after each con- 
ducting period because of the increasingly larger contact 
separation. These requirements of the arc path probably 
provide an explanation for the difficulties experienced in 
attempts to produce high voltages by arcing in air over 
insulator strings. The conditions for producing high 
voltages by intermittent arcing are somewhat more fav- 
orable for apparatus failure under oil than for flashover 
of an insulator string. Perhaps apparatus failure under 
oil causes line flashover instead of a line flashover causing 
apparatus failure. 

General Study—The foregoing discussion has been 
based on simple circuits for the purpose of illustrating 
the essential elements of the theories of intermittent arc- 
ing. All actual systems are relatively quite complicated 
and cannot be reduced to the simple circuits used. Be- 
Cause of this complexity, the maximum voltages with 
intermittent arcing are not quite in accord with the pre- 
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ceding theories. More specifically, the maximum volt- 
ages are obtained for simple circuits with the arcs recur- 
ring at either the high-frequency voltage crest or at the 
fundamental-frequency voltage crest. With complicated 
circuits higher voltages may be obtained if the arc is es- 
tablished before or after these points. This is because the 
oscillating circuits have several natural frequencies. The 
determination of the exact manner of restriking is diffi- 
cult to define analytically. Because of this fact and be- 
cause of the importance of damping it is impractical to 
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Fig. 33—Schematic diagram of system selected for study. 


study arcing grounds and switching transients by the 
usual mathematical methods. It is more convenient to 
represent actual systems in miniature on the a-c network 
calculator and perform the switching operations with the 
special switches described previously. 

To study the magnitude and other characteristics of 
transient voltages produced by switching operations and 
faults with intermittent arcing, a typical transmission 
system (Fig. 33) was selected for a study® on the a-c 
network calculator. Since these transient voltages are 
greatly influenced by the method of grounding, the neu- 
tral impedances of the system were varied through a wide 
range of resistances and reactances, between the limits 
of the solidly grounded system and the ungrounded sys- 
tem. 

The system consists of a hydroelectric generating sta- 
tion, the output of which is transmitted 100 miles over 
230-kv lines to a load, which is also supplied by local 
steam generators. The sending and receiving-end trans- 
formers are star-connected on the 230-kv side to permit 
grounding, as discussed subsequently. The reactance 
characteristics of the different parts of the system are 
shown in Fig. 33 and the wire sizes and configuration of 
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Fig. 34—Configuration of transmission line. 


the transmission lines are shown in Fig. 34. The trans- 
mission lines are separated so there is no mutual effect 
between them. Also, the generators at both ends of the 
line are assumed to be in phase and to have the same in- 
ternal voltage. 
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The general method of setting up the network calcu- 
lator makes use of equivalent three-phase networks for 
each circuit element such as machines, transformers, and 
transmission lines. The character of these equivalent cir- 
cuits is obvious and requires no comment except for the 
transmission lines, and these are represented by the cir- 
cuit shown schematically in Fig. 35. 


“bt tot 
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Fig. 35—Equivalent network used for representing each 230 
kv transmission line of Fig. 33. 


The highest voltages for a particular condition are 
sought throughout the investigation. In the arcing 
ground the fault is applied at the crest of the normal line- 
to-ground voltage and is then removed at the first current 
zero. The point of restriking is adjusted to give the max- 
imum voltage for the number of restrikes considered. The 
fault is always removed at the first current zero following 
each are recurrence. In the case of switching operations 
the circuit is initially opened at a fundamental current 
zero. The point of restriking is adjusted so as to give 
the maximum voltage for a given number of restrikes. 
The subsequent circuit openings are always assumed to 
take place at the first current zero following the arc 
reestablishment. 

The highest voltages at the point of circuit change are 
always recorded. For example, for arcing-grounds the 
voltages are measured at the receiver end. On the other 
hand, in the case of de-energizing an unfaulted or faulted 
line, the voltages are measured at the sending end where 
the switching is done. When arcing grounds are con- 
sidered on the system, several phase voltages as well as 
the neutral voltage are recorded. In the case of switching 
operations the voltages are recorded on the phase being 
switched, both on the line and supply sides as well as 
across the switch that is opening the circuit. 

The voltages recorded are those occurring within 1144 
cycles of the first interruption considered. In some cases, 
either because of system loss or because of the relation 
of the natural frequency to the fundamental frequency, 
higher voltages may be experienced with one or no re- 
strikes than with two or one restrikes, respectively. In 
some cases, particularly in the ground-fault neutralizer 
case, the voltages after the 1)4-cycle period may con- 
tinue to increase to a much higher steady-state voltage. 
With a ground-fault neutralizer quite high voltages are 
obtained if the circuit is in tune at fundamental fre- 
quency and a residual voltage is produced as by some un- 
balance. Tor example, the opening of one phase of a sys- 
tem subjected to a three-phase or a line-to-line fault on the 
phase being opened will produce a steady-state voltage 
of many times normal. 

In this investigation of transient overvoltages pro- 
duced by switching operations and faults, four principal 
cases have been selected for study as follows: 
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1. Arcing-ground conditions on one phase to ground. 

2. De-energizing an unfaulted line, one pole unit open. 
ing and two remaining closed. 

3. De-energizing an unfaulted phase with a ground 
fault on one of the other phases, one pole opening and 
the other two remaining closed. 

4. De-energizing an unfaulted phase with a ground 
fault on the two other phases, one pole opening and the 
other two remaining closed. 

In general, arcing-ground conditions are for a fault on 
one phase. De-energizing a line section is considered 
more important than energizing because for the latter 
the intermittent arcing is limited in duration by the clos. 
ing of the switch. In the case of opening the faulted 
lines it is assumed that the unfaulted phase opens before 
the pole units of the faulted phase or phases. Such an 
assumption is based on the ability of the switch to re- 
cover dielectric strength at a high rate. This assumption 
tends to give higher magnitudes of transient voltage. If 
the pole unit in the sound phase tends to open after the 
fault is cleared, then the voltages will be similar to those 
produced when an unfaulted line is de-energized. The 
voltages will range between these limits as the time of 
relative opening is varied. The conditions selected for 
study illustrate possible circuit-breaker operations on an 
actual system. 

In this study the transient voltages are obtained for 
the conditions corresponding to both one and two re- 
strikes. This number of restrikes may be taken as the 
equivalent of a larger number with ‘the earlier restrikes 
taking place so quickly that they do not contribute much 
to the voltage magnitude. 

One of the variable factors considered is the method of 
system grounding that includes both resistances and re- 
actances between the limits of a solidly grounded system 
and an ungrounded system. When the system is solidly 
grounded, the transformer at the sending end is solidly 
grounded when one line is in operation, and the trans- 
formers are solidly grounded at both ends when two lines 
are in operation. In the case of impedance grounding a 
reactor or resistor of varying ohmic value is considered 
in the neutral-to-ground circuit at the sending end when 
one line is in operation, and a reactor or resistor of equal 
magnitude is considered in the circuit in the sending and 
receiving ends when two lines are in operation. The 
ohmic values plotted on the figures to be discussed later 
are the actual ohms considered in the ground connection 
at one point. For example, 50 ohms on a system with one 
ground point is the resistance or reactance considered in 
the sending end ground. When two lines are considered 
in operation, 50 ohms corresponds to the ohms in the 
sending-end neutral connection and a like value in the 
receiving-end neutral connection. 

Results of General Study—The results of the a-¢ 
network calculator study are presented in graphical form 
in Figs. 36 to 39 inclusive. They give the transient volt- 
ages expressed in percent of the normal line-to-ground 
voltage crest and are plotted as a function of the react- 
ance or resistance in the neutral connection. The solid- 
line curves are for reactance grounding and the dotted- 
line curves are for resistance grounding. The neutral 
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reactance corresponding to a ground-fault neutralizer is 
indicated. In each of these figures the data is plotted for 
one and tio lines and one and two restrikes. 

As shown in Fig. 36 transient voltages can be avoided 
by the use of the solidly-grounded system or the system 
grounded through a ground-fault neutralizer, both of 
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for a free-neutral system the voltages are appreciably 
lower for the larger lengths of connected line. 

The transient voltages for the condition of de-energiz- 
ing a line section with a fault on a phase other than that 
which is being switched are shown in Fig. 38. The volt- 
ages in all cases of reactance grounding increase as the 
neutral reactance increases. The voltages between neu- 
tral point and ground also increase for resistance ground- 
ing as the magnitude of the resistance is increased. The 
voltages with a ground-fault neutralizer are definitely 
higher than for any of the lower values of reactance 
grounding. This is to be contrasted with the dip in the 
voltage curves of Figs. 36 and 37. In Fig. 38 the volt- 
ages with two restrikes increase as compared to the case 
with one restrike. As would be expected, the longer the 
connected line, the lower the magnitude of the transient 
voltages. 

Figure 39 shows the results of a study similar to that 
of Fig. 38 except that a double instead of a single line- 
to-ground fault is applied to the line section being de- 
energized. In general, the comments are the same as for 
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Fig. 36—Effect of grounding impedance on transient voltages 
caused by arcing grounds. 

Solid curve: Reactance grounding 

Dotted curve: Resistance grounding 


Note: Letters on curves refer to lettered points on inset circuit. 
Ground-fault neutralizer reactance: 875 ohms 


which have been employed for many years to avoid the 
abnormal voltages encountered on ungrounded systems. 
The voltages corresponding to resistance grounding are 
fairly uniform and relatively low for the range of resist~ 
ance studied. However, for neutral resistances approach- 
ing infinity, the transient voltages will approach those 
of the ungrounded system. The study shows that there 
is a value of reactance intermediate between the solidly 
grounded system and the system grounded through a 
ground-fault neutralizer almost as high as for the un- 
grounded system. 

The transient voltages resulting from the de-energizing 
of an unfaulted line are shown in Fig. 37. The lowest 
transient voltages, with the exception of those across the 
heutral impedances, are obtained for a system grounded 
through a ground-fault neutralizer. In all cases the neu- 
tral-point voltage increases as the neutral impedance in- 
creases. For the range of practical neutral impedances, 
there is no appreciable difference between the voltages 
obtained for the case of one and of two lines. However, 
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Fig. 37—-Effect of grounding impedance on transient voltages 
caused by de-energizing an unfaulted line 
See subcaption of Fig. 36. 


the case of Fig. 38. For reactance grounding the tran- 
sient voltages increase rapidly for a relatively small addi- 
tion of neutral reactance, so that for low neutral react- 
ances the transient voltages closely approach those of the 
free-neutral system. 

The results obtained in the a-c network calculator stu- 
dies are based on a definite number of restrikes which 
are spaced at such intervals as to give the maximum volt- 


516 


age for this number of restrikes. Thus, in the average 
case, since the restrikes may not occur at the optimum 
point, the voltages will be of lower magnitude giving a 
probability curve for the voltage. Of course, only a mi- 
nority of the cases of system faults and switching produce 
abnormal voltages. 

The a-c network calculator studies have also been 
based on the assumption that transient voltages of in- 
creasing magnitude can be impressed on the system with- 
out altering the characteristics of the system. Actually, 
the transient voltages will be limited by other factors 
that become of increasing importance as the transient 
voltage increases. On some systems corona will limit the 
magnitude of transient voltage by introducing losses in 
the oscillating circuits. Under some conditions excess 
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Fig. 38—Effect of grounding impedance on transient voltages 
caused by de-energizing line with single line-to-ground fault 
See subcaption of Fig. 36. 


voltages will produce increases in exciting current par- 
ticularly at the lower frequencies, but usually this factor 
is unimportant. Transient voltages can also be limited 
by the operation of lightning arresters or protective gaps 
adjusted to operate below the flashover level of line or ap- 
paratus insulation. These devices may limit the magni- 
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Fig. 39—Effect of grounding impedance on transient voltages 
caused by de-energizing line with double line-to-ground fault 
See subcaption of Fig. 36 


tude of transient voltages on a particular system. Fi- 
nally, the transient voltage is limited by the flashover 
characteristics of line and apparatus insulation. Oper- 
ating experience confirms the results of this study in that 
some switching operations do result in flashover of line or 
neutral-point insulation. 

Many klydonograph investigations have been reported 
in the literature, and frequently overvoltages resulting 
from switching operations are segregated from those due 
to lightning. Extensive investigations were reported by 
Cox, McAuley, and Huggins,? Gross and Cox, Lewis and 
Foust," and by some European investigators. The Joint 
Subcommittee on Development and Research of the Edi- 
son Electric Institute and Bell Telephone System, has 
also-carried on investigations and has made an excellent 
summary” of the more important published data. 

The principal results of the switching-surge studies us- 


ing the klydonograph have been summarized in Fig. 40. , 


Curves A and B, obtained from the original investiga 
tion by Cox, McAuley, and Huggins, give the voltages 
caused by energizing or de-energizing operations and the 
voltages resulting from faults with subsequent switching, 
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respectively. Curve C gives a summary derived from the 
work of Lewis and Foust. In order to give a more suit- 
able scale for plotting the results of the surge studies all 
the surges of a magnitude less than twice normal have 
been disregarded. The Lewis and Foust paper, however, 
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Fig. 40—Distribution of surge voltages caused by switching 
and faults. 
A—Switching surges—Cox, McAuley, and Huggins 
B—Surges from faults—Cox, McAuley, and Huggins 
C—Switching surges—Lewis and Foust 
A and B—Eighteen systems—1925 to 1926 
C—Fourteen systems—1926 to 1930 


shows that of all the reported surges above normal volt- 
ge, 49 percent were above twice normal. Fig. 40 shows 
that the limiting value of the surges is about six times 
normal crest voltage, 5 percent exceed five times normal, 
and 20 percent exceed four times normal. These results 
show that there is an upper limit to the voltage recorded, 
indicating the possibility of some limiting factor. Fig. 41 
shows the ratio of flashover voltage to the normal crest 
voltage, for transmission lines of different voltages. The 
shape of the curve of Fig. 40 compared with the data given 
in Fig. 41 indicates that the magnitude of switching 
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Fig. 41—60-cycle flashover voltage ratios for 10-inch suspen- 
sion insulators, 


Surges recorded could be limited by line flashover. While 
it is undoubtedly true that a considerable portion of 
these switching operations occur with relatively little 
fnergy in the oscillation and at relatively high frequency, 
It is also true that as systems expand the natural fre- 
quency of systems for switching operations decreases 
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and the amount of energy in these oscillations increases. 
Thus, these factors tend to increase the importance of 
switching surges, 

The maximum voltages of Figs. 36 to 39 correspond 
closely with the limiting voltage of six times normal indi- 
eated in Fig. 40. The shape of the curves of Fig. 40 
should probably not be accepted too freely as these are 
no doubt influenced by the flashover of lines or apparatus, 
or the operation of lightning arresters. 


10. Effect of Generator Grounding on Transient 
Voltages 


The results of the general study of transient overvolt- 
ages produced by switching and faults in the preceding 
section were based on the assumption that there was no 
appreciable arc drop and that the arc was always extin- 
guished at a current zero, either fundamental or high- 
frequency. In some cases, especially in low-voltage cir- 
cuits, additional characteristics of an arc must be con- 
sidered because of their influence on transient voltages. 

Arc Characteristics—Prior to the actual interruption 
of the are in a circuit breaker there is a voltage drop be- 
tween the breaker terminals. The magnitude of this drop 
varies for different types of breakers, being lower for the 
higher voltage circuit breakers when expressed in percent 
of system voltage. This drop is of two parts, first an arc 
drop that is fairly uniform in magnitude and lasts during 
the entire arcing period, and second, a drop that is a 
function of the efficiency of arc interruption and the cur- 
rent being handled. Fig. 43 shows a fairly uniform break- 
er voltage until the arc is ruptured at which time the 
voltage increases quite rapidly to a negative crest of ap- 
proximately normal line-to-ground crest voltage. This 
negative crest voltage is commonly referred to as the 
breaker “extinction voltage.” An analysis made of os- 
cillograms of many breaker operations indicates that for 
a circuit breaker opening 12 000 and 13 200-volt circuits 
this “extinction voltage” may be as large as 123 percent 
of the normal line-to-ground crest voltage but is usually 
much lower. This extinction voltage is produced by ex- 
tinction of the arc before a normal current zero, that is, 
before the current in the are would normally pass 
through zero. 

In general, the same characteristics as mentioned 
above are found in all arcs under oil or in confined spaces, 
such as arcs caused by flashover of apparatus under oil, 
in cables, etc. Arcs between stationary contacts in air 
will usually have entirely different characteristics because 
no large de-ionizing agent is present. 

Effect of Extinction Voltage on Transient Volt- 
ages —The system in Fig. 42 will be used in presenting the 
theory involved in the production of transient voltages 
by switching or arcing grounds. In this circuit the gen- 
erator windings are represented by simple 7 networks and 
additional capacitance is added at the machine terminals 
to represent the capacitance of connected feeders. The 
positive, negative, and zero-sequence reactances of the 
generator and feeders are assumed to be equal. The 
generator is grounded through a neutral reactor, and a 
single line-to-ground fault is assumed on a feeder outside 
of a breaker. The effect of the unfaulted phases on the 
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transient voltages can be neglected, reducing the circuit 
to the one shown in Fig. 42 (b). 

Consider the case of a single line-to-ground fault oc- 
curring on a feeder and the fault removed by operation 
of the breaker. The fault is assumed to last long enough 
to allow damping out of all initiating transients and the 
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Fig. 42—Generator grounded through neutral reactor. 


(a) Simple three-phase system 

(b) Simplified single-phase system 
X,—Generator subtransient reactance 
C,-—Generator winding capacitance to ground 
C'y>—Capacitance of bus, cables, etc. 
OCB—Oil circuit breaker 
I'—Fault 
Xy—Neutral reactor 


are in the breaker is ruptured far enough ahead of a nor- 
mal current zero to give an extinction voltage equal to 
normal line-to-ground crest voltage. The generated volt- 
age and fault current are shown in Fig. 43 for this con- 
dition. A small are drop in phase with the current ap- 
pears across the breaker terminals during the entire arc- 
ing period. 

If the neutral reactance is large in comparison to the 
machine reactance, practically all of the generated volt- 
age will appear as a drop across the neutral reactor while 
the fault is present. The reactor voltage will then be ap- 
proximately equal to the generated voltage until the 
breaker terminal voltage starts to increase as a result of 
the de-ionizing action of the breaker. As the neutral re- 
actor was assumed to be large in comparison to the ma- 
chine reactance, the reactor voltage is approximately 
equal to the difference between the generated voltage and 
the breaker voltage. It therefore reaches a crest of twice 
normal at A’. If the arc is ruptured* at A, normal gener- 
ated voltage is removed from the reactor as with no 
fault on the system no voltage appears across the neutral 
reactor. The reactor voltage therefore oscillates around 

*In this analysis the arc is assumed to be ruptured at the instant 


of crest negative voltage between breaker terminals, It is realized 
that the arc may be ruptured before this time. 
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zero; and without damping it would reach a negative 
crest of twice normal. With damping it reaches a nega. 
tive crest somewhat less as shown in Fig. 43. 

With the breaker open and with the fault on the sys. - 
tem, the normal steady-state voltage across the breaker 
is approximately equal to the generated voltage. When 
the arc is ruptured at A the breaker voltage will start at 
a negative crest of 100 percent and oscillate around the 
generated voltage. It will reach a positive crest of three 
times normal with no damping or some less with damping, 

The maximum reactor voltage is equal to the breaker 
extinction voltage plus the generated voltage at the time 
this extinction voltage appears across the breaker ter. 
minals. In the case of a reactance grounded generator 
the are is ruptured at near crest generated voltage so 
the reactor voltage is equal to the extinction voltage plug 
normal crest generated voltage. The breaker voltage ap- 
proaches a crest equal to twice the generated voltage plug 
the extinction voltage. 
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Fig. 43—Transient voltages with no restriking. 


(a) Breaker voltage. 

(b) Reactor voltage 
ég—Normal line-to-ground voltage 
FEox:—Extinction voltage 
i—Fault current 


As shown in Fig. 43, the breaker voltage may build up. 
fairly high. If at any time this voltage exceeds the di 
electric strength of the are space between the breaker § 
contacts, the arc will restrike. In Fig. 44 the restriking 3 
is assumed to occur at the instant the breaker voltage ® 
reaches its maximum value at C. Assuming that 100g 
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percent extinction voltage appeared across the breaker 
terminals at the instant of arc rupture and further as- 
suming no damping, this maximum breaker voltage will 
be three times normal. When the breaker voltage is at 
C the reactor voltage will be at a negative 200 percent 
yoltage. When the arc is reestablished the breaker volt- 
age will decrease to a very small are drop as shown in Fig. 
44. After the restrike occurs the steady state voltage 
across the reactor is approximately equal to the normal 
generated voltage. The reactor voltage will therefore 
start at C’ and oscillate around normal generated voltage. 
It will overshoot to a crest voltage of four times normal 
if losses are neglected. 

With one restrike and without damping the reactor 
voltage will reach three times normal crest generated 
voltage plus the breaker extinction voltage. With addi- 
tional restrikes the voltage can increase further if the 
restrikes occur at the right time. It is of course rather 
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Fig. 44—Transient voltages produced with restriking. 


improbable that more than one or two restrikes will occur 
at just the right time to give these high overvoltages. 
Resistance Grounding—If the neutral reactor is re- 
Placed with a resistor having the same impedance, the 
Power factor of the fault circuit will be approximately 
unity. The breaker and resistor voltages for this condi- 
tion are shown in Fig. 45. Normal current zero will co- 
‘cide with normal voltage zero. As the are drop is still 
in phase with the current, the breaker extinction voltage 
and normal generated voltage are on the same side of the 
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axis. As the resulting breaker voltage oscillation after 
the arc is ruptured at A depends upon the generated 
voltage, the oscillations will be quite small. No voltage 
appears across the resistor at the time the arc is ruptured 
because no current is flowing at that time. The oscilla- 
tion in the resistor voltage will be small and will be 


-——-—BREAKER VOLTAGE 
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a’ 
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Fig. 45—Transient voltages produced with resistance ground- 
ing. 


(a) Breaker voltage 
(b) Voltage across neutral resistor 


damped out rapidly because of the high loss present in 
the system. 

‘ Parallel Resistance and Reactance—Since fairly 
high voltages can be produced when a neutral reactor 
is used and since these voltages are greatly reduced when 
a neutral resistor is used, the question naturally arises 
as to whether it would be possible to compromise and use 
a combination of both. With resistance and reactance in 
parallel the phenomenon will follow closely one of the 
cases above depending upon which predominates. Re- 
sistance in parallel with a reactor will usually prevent 
cumulative building up of the reactor voltage on succes- 
sive restrikes but a low parallel resistance is necessary in 
order to prevent the breaker extinction voltage from ap- 
pearing across the neutral reactor. As shown in Fig. 43 
the reactor voltage is the sum of the generated voltage 
and the extinction voltage. Because the resistance re- 
quired to keep most of the extinction voltage from ap- 
pearing across the neutral reactor is small, it is usually 
preferable to omit the reactor entirely and use resistance 
grounding. 

Analog Computer Studies—In the theoretical dis- 
cussion given above the neutral reactance was assumed to 
be much larger than the machine reactance. To show 
the effect of variations in transient voltages with neutral 
reactance, studies were made on the analog computer. 
The circuit employed was similar to the one in Fig. 42(a) 
excepting that the oil circuit breaker was omitted, and 
an arcing fault was applied between phase A and ground 
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TABLE 6—SURGE VOLTAGES PRODUCED WITH REACTANCE 


GROUNDING 
Surge Voltages* 
No/X1 | Faulted Phase | Unfaulted Phases ae Neutral 
Rati eactor 

atio 

One Two One Two One Two 

Restrike |Restrikes| Restrike|Restrikes} Restrike|Restrikes 

1 170 170 160 100 0 0 

2 165 168 140 142 45 45 

3 165 165 180 193 100 100 

4 165 165 190 215 115 130 

6 185 185 200 230 150 155 

8 190 190 260 260 180 180 

10 280 430 285 400 175 270 

12 460 450 300 

14 400 440 390 490 250 350 

20 390 400 +10 450 250 270 

30 370 400 390 500 250 300 

50 330 370 +400 430 230 300 

100 280 260 +400 410 230 280 


*Expressed in percent of normal line-to-ground crest voltage. 


at the generator terminals. The following constants were 
used: 


X,=1.28 ohms at 60 cycles. 
C, =0.35 microfarad. 
Cy =0.20 microfarad. 


The fault was applied at the instant the 60-cycle voltage 
between phase A and ground was equal to its crest value, 
and removed at the first current zero, either 60-cycle or 
high frequency. The fault was reapplied at crest recovery 
voltage across the fault and then removed at the first 
current zero following the restrike, or fault re-application. 
In the case of two restrikes the latter procedure was re- 
peated. Table 6 is a summary of the results obtained with 
one and two restrikes for X»/X, ratios between one and 
100. In this table X, is equal to X, in Fig. 42, and Xo is 
equal to X, plus 3X,, the positive- and zero-sequence 
machine reactances being equal in the equivalent circuit 
employed. The faulted phase, maximum unfaulted phase 
and neutral reactor voltages are included in the summary. 

In making these studies it was noted that the magnitude 
of the transient voltages was influenced to a large extent 
by the presence or absence of high-frequency current zeros 
following the fault application or a restrike. With an 
Xo/X1 ratio of eight, there was no high-frequency current 
zero, even following a restrike, and the circuit-opening 
operation was delayed until the 60-cycle current went 
through zero. As considerable time was available for dis- 
sipation of transient energy between circuit-closing and 
circuit-opening operations, the transient voltages did not 
exceed 260 percent with two restrikes. Increasing the 
X0/X, ratio to ten gave a high-frequency current zero 
following the first restrike, permitting a circuit-opening 
operation without waiting for a 60-cycle current zero. In 
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this case the maximum voltage was recorded as 430 per- 
cent. These results show that it would be desirable to 
limit the Xo/X1 ratio to some value less than ten, in order 
to rule out the possibility of obtaining the excessive tran- 
sient voltages associated with the larger Xo/X1 ratios, 
More fundamentally an X>/X, ratio should be selected 
that does not produce a high-frequency current zero fol- 
lowing a restrike. If this condition is met, the voltages is 
not appreciably higher with two restrikes than with one, 
and no cumulative build-up of voltages is possible with 
successive restrikes. 

The results in Table 6 were obtained by removing the 
fault at a current zero, that is, without forcing current zero. 
If the fault is in a confined space, such as under oil or in 
apparatus or cable insulation, the deionizing agents present 
may produce a rapid increase in arc drop, with the result 
that the fault is interrupted prior to a normal current zero. 
This forcing of a current zero increases the transient volt- 
ages as was discussed in connection with Figs. 43 and 44. 
It also increases the magnitude of the high-frequency cur- 
rent following a restrike, which decreases the Xo/X, ratio 
required to produce a high-frequency current zero follow- 
ing a restrike. This makes it difficult to select a suitable 
maximum X9/X, ratio for application purposes because 
the ratio is influenced by the magnitude of the arc-extine- 
tion voltage assumed. As discussed above under are 
characteristics, circuit breakers opening 12 000 and 13 200 
volt circuits may infrequently have extinction voltages 
somewhat larger than normal line-to-ground crest voltage. 
Similar data are not available for fault ares because this 
information is extremely difficult to obtain primarily be- 
cause of the probability nature of the phenomenon. 

To obtain some idea of the influence of arc-extinction 
voltage on the transient voltages produced by an arcing 
ground on a reactance grounded system, a special study 
was made on the computer using the same circuit and con- 
stants as above. A line-to-ground fault was applied at the 
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Fig. 46—Transient voltages with resistance grounding. 
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instant the 60-cycle voltage between phase A and ground 
was equal to its crest value, and removed approximately 
one-half cycle later. The circuit was opened slightly ahead 
of a normal 60-cycle current zero to give 100-percent ex- 
tinction voltage. The fault was re-applied at crest re- 
covery Voltage across the fault. It was noted that no high- 
frequency current zero occurred following the restrike, 
with an Xo/X, ratio of four, but that such a zero was 
present with a ratio of six. The transient voltages did not 
exceed 260 percent with the ratio of four. 

This analysis shows that the maximum transient volt- 
ages with reactance grounding are influenced by the Xo/X1 
ratio and by arc-extinction voltage. If the transient volt- 
ages are to be limited to 250 or 260 percent of normal line- 
to-ground crest voltage, the Xo/X1 ratio should be limited 
to eight or four depending upon whether zero or 100- 
percent extinction voltage is assumed. In generator cir- 
cults, where faults can occur in confined spaces, it is sug- 
gested that the Xo/X, ratio be limited to three. This limit 
permits the application of 80-percent lightning arresters, 
and allows for arc-extinction voltages somewhat larger 
than normal line-to-ground crest voltage. 

Studies were made for the case of a generator grounded 
through a resistor of 98 percent power factor. The circuit 
and constants were the same as used in the studies of re- 
actance grounding. The results for two restrikes are sum- 
marized in Fig. 46. for Ro/X1 ratios between 3 and 90. 
Although the data are based on two restrikes, there is no 
appreciable difference between the results with one and 
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Fig. 47—Transient voltages with high-resistance grounding. 
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two restrikes. The fault to ground was always removed as 
the 60-cycle current went through zero because there were 
no high-frequency current zeros over the entire range of 
Ro/X, ratios considered. The transient voltages do not 
exceed 235 percent of normal line-to-ground crest voltage 
for any ratio considered. 
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Computer studies were also made with the same system 
grounded through the primary winding of a distribution 
transformer, having a resistor across the secondary wind- 
ing as shown in Fig. 29 of Chap. 19. The transient voltages 
for this case are summarized in Fig. 47. The results are 
plotted as a function of the kilowatts loss in the resistor 


w 
no 
9 


‘m: 


FAULTED PH 


TRANSIENT VOLTAGES IN PERCENT OF 
NORMAL LINE-TO-GROUND CREST VOLTAGE 


2.0 
RATIO 


Fig. 48—In fluence of reactance on transient voltages obtained 
with high-resistance grounding. 


during a single-line-to-ground fault and the three-phase 
charging kva of the system during normal operation. 
Ratios of resistor loss to charging kva of one and larger will 
limit the transient voltages to approximately 260 percent 
of normal line-to-ground crest voltage. 

The data in Fig. 47 are based on a resistor having unity 
power factor and a transformer having zero reactance. 
Practical resistors and transformers introduce reactance 
in the zero-sequence circuit. To show the effect of this 
reactance, studies were made for Xo/Ro ratios of zero to 
two. The resistor loss-to-charging kva ratio was made 
equal to unity in this study. The results in Fig. 48 show 
that practical values of reactance have little influence on 
the transient voltages obtained. 
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CHAPTER 15 


WAVE PROPAGATION ON TRANSMISSION LINES 


Original Authors: Revised by: 
C. F. Wagner and G. D. McCann C. F. Wagne~ 


I. SIMPLE WAVES 


TRANSMISSION line can be regarded as made up 
A of elements. If resistance is neglected, each element 
consists of a shunt capacitance and a series induct- 

ance as shown in Fig. 1. If a voltage is applied to one end 
of such a line, the first capacitor becomes charged imme- 
diately to the instantaneous applied voltage. However, 


Fig. 1—Transmission line broken up into small elements. 


because of the first series inductor, the second capacitor 
does not respond immediately but. is delayed. Similarly, 
the third capacitor is delayed still more by the presence of 
the second inductor. Thus the farther removed from the 
end of the line the greater the delay. If the applied voltage 
is in the form of a surge, starting from zero and returning 
again to zero, it can be seen that the voltages on the inter- 
mediate condensers rise to some maximum value and 
return again to zero. The disturbance of the applied surge 
is thus propagated along the line in the form of a wave. 


1. Mechanical Analogy 


It can be shown with mathematical rigor that for a 
system of the kind just postulated (without series or shunt 
resistances and zero ground resistivity) the wave will be 
propagated along the line with undistorted or undimin- 


Fig. 3—I)lustrating wave form of the traveling wave in a 
Fig. 2—Photograph of mechanical wave analogy. mechanical analogue for successive intervals of time. 


523 


524 


ished amplitude. The same phenomenon can be demon- 
strated by means of a number of analogies. One which is 
particularly adapted to the present problem has been 
developed by Wagner! and is illustrated in Fig. 2. It con- 
sists of a number of aluminum arms mounted side by side. 
These arms are balanced about their center of rotation and 
their axes of rotation are in the same straight line. The 
only connection between adjacent arms is a flat spring, 
which offers a restraining torque when one arm is displaced 
with respect to the next. The mass of the arm corresponds 
to the inductance of the line and the spring to the capac- 
itance. Fig. 3 illustrates what happens in this device 
when a disturbance is applied at one end. The wave moves 
along the line with essentially undiminished amplitude and 
unchanged wave form. 


2. Current Wave, Surge Impedance and Surge Ad- 
mittance 


Knowing that the voltage surge moves along the line 
and imparts charge to the capacitors at any particular 
point only for the duration of the wave at that location, one 
eun see that currents must flow in the connecting induct- 
ances, but only for the interval during which the surge 
exists at that point. That is, a wave of current should 
accompany the wave of voltage. It can be shown mathe- 
matically that the current wave will have exactly the same 
wave form as the voltage and at any instant will be pro- 
portional to the voltage. The constant of proportionality 
is known as the surge impedance and is usually designated 
7 where L is the in- 
ductance in henries per unit length of line and C is the 
capacity in farads per unit length of line. The dimensions 
of Z are those of a resistance and its value is expressible in 
ohms. Thus there exists the relation 


eniZ=inlt 


e=instantaneous voltage 
2=instantaneous current. 


by the symbol Z. It is equal to 


(1) 


where 


The reciprocal of surge impedance is called the surge 
admittance and is usually designated by the symbol Y. 
Thus 


w=Ye (2) 


DIRECTION OF PROPAGATION 


Fig. 4—Depicting a voltage wave and its associated current 
wave together with the positive sense assumed. 
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In Fig. + is depicted the general properties of traveling 
waves just enunciated. Note that the positive sense of 
potential is taken with respect to ground as zero and that 
the positive sense of current flow in the conductor is the 
same as the direction of propagation of the wave. 


3. Line Constants 


The inductance of a single conductor parallel to the 
earth, assuming an earth of zero resistivity, is 


L=(2)(10°5) log. = in henries per cm. (3) 
2h 
= (7.410) (1074) logio or in henries per mile (4) 


and its capacitance 
{Qu 


C =—-——--— in farads per cm. (5) 
18 loge on 
— 8 
= Gee in farads per mile. (6) 
logio a 


where A=height of conductor above ground 


r=radius of conductor in same units. 


The foregoing expression for inductance assumes that 
there is no flux within the conductor. This is the case for 
surges of short duration, because the current flows in a 
thin layer next to the surface—the phenomenon of “skin 
effect.”’ For this reason ferrous conductors can be treated 
as non-ferrous conductors in considering traveling waves. 
Making the same assumptions for cables (that all the 
current flows next to the return conductor) the inductance is 
L=(7.410)(10~) logis in henries per mile. (7) 
1 
and the capacitance is 


ces 
¢— 8.882) 00k in farads per mile. (8) 


logis — 
Ogio — 
g i 
r,=radius of conductor 


v2= inner radius of sheath 
k= permittivity 


where 


4. Evaluation of Surge Impedance 


The surge impedance of a single aerial wire with ground 
return is 


2h 
== 0 — 4 
Fs [cca10yc00 ) logio ye 
(3.882) (10-5) 
logio 2h (9) 
Tr 


= 138 logio = ohms 


The curve of Fig. 5 will assist in the ready evaluation of 

this expression. In the absence of more definite informa- 

tion a surge impedance of 500 ohms is usually assumed. 
For cables 138 ” 


Z= VE logio tt 


A good average value for this quantity is 50 ohms. 


(10) 


ohms 
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SURGE IMPEDANCE IN OHMS 


an IN THOUSANDS OF UNITS 


Fig. 5—Surge impedance of an aerial conductor. 


5. Velocity of Propagation 


The velocity of propagation of any electromagnetic 
disturbance in air is the same as that of light, namely 
2.998 X10! em. per sec. The only difference for trans- 
mission lines is that the conductor provides a guide. In 
terms of the constants of the line, this velocity is equal to 


1 : P ; ‘ 
VEE To verify the velocity relation, substitute (3) and 


(5) into this expression giving 


1 (11) 
(10-(2) (107%) log . 


: i 
velocity = = 


VCL 


2h 

18 log : 
=3 10" cm per sec. 
A convenient though approximate figure of 1000 ft per 
microsecond (a more exact value being 984 ft per micro- 
second) is generally used in connection with line caleu- 
lations. 
Applying relation (11) to cables there results that 
1 _(8)(10*) 

Vk 
This likewise is a special case of a more general phenom- 
enon, that the velocity of propagation of any disturbance 
In a medium of permittivity k varies inversely as the 
Square root of the permittivity. Since the permittivity of 
materials used in cables varies from about 2.5 to 4.0, the 
Velocity of propagation of surges in cables! is about one- 
third to one-half that of light. Similarly a disturbance in 
4 counterpoise buried in earth having a permittivity of 


cm per sec. (12) 


Say 6 propagates within the earth at a eevee of a . 


408 ft. per microsecond. AT tn, AL 
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6. Mathematical Expression of Voltage and Cur- 
rent Wave 


Mathematically a traveling wave can be designated as 
follows: 
e=f(x—vt) (13) 
where zx is the distance measured along the line and v is 
the velocity of propagation. With ¢ fixed, plotting ¢ as a 
function of x gives the voltage distribution along the line 
at that instant. With x fixed e gives the variation of the 
voltage with time at that point. 
Similarly, the current wave is 


e f(r—vt) 


sat adele 


(14) 


7. Waves in Reverse Direction 


The same relations as mentioned above apply to a wave 
traveling in the opposite direction when the positive sense 
of current is taken the same as the direction of propaga- 
tion. This means that the positive sense of current would 
be the reverse of the wave moving in the opposite direction. 
For analytical work it is convenient that the positive sense 
of both currents be the same. By arbitrarily reversing the 
sign of one of the currents and making the corresponding 


DIRECTION OF 
PROPAGATION 


DIRECTION OF 
PROPAGATION 


TOTAL AT A 
PARTICULAR INSTANT 


if Re oes oe 
ivig tip 
@¢=Z ir €,2-Z i, 


Fig. 6—Forward and backward voltage waves with their asso- 
ciated current waves and also the sum of the two. 


changes in the equations, this difficulty may be avoided. 
Fig. 6 gives the conventions adopted for both types of 
waves together with the equations relating the voltages 
and currents. The waves moving from left to right are 
designated by the subscript f suggestive of forward moving 
and the wave from right to left by the subscript r sug- 
gestive of a wave moving in the reverse direction or a 
reflected wave. 


8. Principle of Superposition 


When two waves of this character meet, they do not 
influence each other but seem to pass through each other. 
An illustration of this phenomenon is shown in Fig. 7 in 
which two oppositely moving waves meet in the me- 


ian 
a es ot 4, on oA, 
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If. POINTS OF DISCONTINUITY 


When a simple voltage and current wave (e: and 7) 
moves along a line and meets a point of discontinuity 
reflections take place. If a resistor is connected across the 
end of a line, the reflections from this point are relatively 
simple to calculate but if the resistor is replaced by an 
Se eee ees gee oascxe + Iduetor or capacitor the solution becomes more compli- 

re cated. Some of the more usual cases will be analyzed in 
detail. 


9. Relations for Simple Reflections from the End 
of the Line 


In Fig. 8 let e; and 7; be the instantaneous voltage and 
current of the forward wave at the point of discontinuity, 
These are usually the known quantities. Further, let e, 
and 7, be the instantaneous voltage and current of the re- 
flected wave at the point of discontinuity, and e and 7 the 
instantaneous voltage and current at the point of dis- 
continuity. Thus 


e=erte, (15) 
t=Utt, (16) 
€¢ €f 
“2-7 0” 
From (17) 

Zi=e;—e; (18) 

Adding (15) and (18) 
e+Zi=2e; (19) 


f 
2 Poet aeoncesenn 


This equation supplies a relation connecting e and 7 with 

the instantaneous value of the oncoming wave. The 

RET renner 7 sg zo, Shunting network must supply another equation to pro- 
es vide the solution. 


VOLTAGE AND CURRENT 
FOR OPEN-CIRCUITED LINE 


Fig. 7—Hlustrating superposition of two waves upon each 
other. 


(a) Two positive waves. (b) One positive and one negative wave. 


chanical analogy described previously. Upon meeting, 
the instantaneous amplitudes of the two waves add to- 
gether but, after passing through each other, remain un- 
disturbed in magnitude and wave shape. Thus traveling 
waves may be said to follow the laws of superposition. CURRENT ANO VOLTAGE 

Each component can be analyzed separately. The right FOR SHORT-CIRCUITED LINE ; 
hand column of Fig. 6 shows how the two voltage and Fig, g—Reflection of waves from open-circuited and from 
current waves add at a particular instant. short-circuited end of line. 
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After e and 7 have been determined, e, can be obtained 
by subtracting (18) from (15) giving 
er=4(e—Z2) (20) 
An alternate form is obtained by inserting e from (19) 
into (20), giving 
€,=er—-Z1 


(20a) 


10. Line Terminated by a Resistance — Open and 
Short-Circuited Line 


When the line is terminated by a resistance R, then 


e=Ri (21) 
Combining this with (19) 
: 2 
= € 22 
t R+z { ( ) 
2k 
= 23 
a (23) 
And from (20) 
R-Z 
tia ea (24) 


(a) Open-Circuited Line. If R= 2, the condition 
which corresponds to an open-circuited line, then 


ep =er (25) 


Thus, the reflected wave is equal to the oncoming voltage 
wave. Also 


€ = 2ey (26) 


a relation which proves the well-known doubling up of a 
voltage wave as it strikes the end of an open-circuited 
line. Equating e, and e; to their Zz equivalents from Fig. 
6 there is obtained 
t= —1e (27) 

a relation that must be maintained since the currents at 
the end of an open line must be zero, that is, 2=2,+2:=0. 
The variations of the principle quantities at different in- 
stants are illustrated in Fig. 8. 

(b) Short-Circuited Line. For the short-circuited con- 
dition R of Eq. (24) is zero, for which 


€r= — er 


(28) 


The reflected wave is the negative of the oncoming wave 
at any instant and the sum of the waves, e, is equal to 
zero. On the other hand, inserting the Zi equivalents of e, 
and e; in (28), there results that 

ty = On (29) 
Which shows that the total current doubles at the end of 
the line. As shown in Fig. 8, the relations are the same 
as for the open-circuited line except that the voltages and 
currents are interchanged. 

(c) R=Z. For this case as can be seen from (24), er is 
equal to zero and there is no reflected wave. Since the line 
has the same characteristic as that of a resistance it is 
evident that electrically there is no discontinuity. The 
Wave merely disappears as the end of the line is reached. 

(d) Other Cases. For other cases the reflected wave 
Will be positive or negative depending upon the extent 
to which F is greater or less than Z. 
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11. Junction of Dissimilar Lines 


Fig. 9 (a) illustrates the case in which the section to 
the left of @ represents a line whose surge impedance is Z 
and the section to the right one whose surge impedance 
is Z’. Since the volt-ampere characteristics of a line are 
the same as those of a resistance, the reflections resulting 
when a wave approaches the junction point from the left 
are the same as though the line to the right of a were re- 
placed by a resistance equal to Z’, as shown in Fig. 9 (b). 


(b) 


Fig. 9—Equivalent circuit of line terminating at (a) and con- 
tinued by a line of different surge impedance. 


The instantaneous voltage, e, and the reflected wave at 
the junction point can be computed by Eqs. (23) and 
(24), respectively. The voltage, e, thus gives the wave 
shape of the wave propagated out along the line to the 
right of a. 


12. Junction of Several Lines 


When a surge travels along line A of Fig. 10 and strikes 
the junction point of two or more other lines that are 
separated a sufficient distance that mutual coupling be- 
tween them is negligible, the reflections and transmitted 
voltages can be calculated by replacing the lines to the 
right of the junction points by a shunt resistance as in 
Fig. 9 in which the resistance is equal to the parallel surge 
impedance of all the lines to the right of a. Equal voltage 
waves are then propagated along lines B, C and D. 


DB 
Fig. 10—Junction of several lines. 


13. Single Line Terminated by an Inductance 


The schematic diagram for this case is shown in Fig. 11. 
From the terminating network there results that 


di 


e=Le (30) 
Combining this with Eq. (19) 
Pe fe pa 


(31) 
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It will be observed that the solution of this equation is the From (19) q 
same as the case for which the voltage 2e; is applied to a e=2ey—Zt (35) 4 
4 


resistance and inductance circuit in which the resistance which permits the determination of e since both er and 


t are now known. The reflected voltage wave can be de- 


(i) 


Fig. 11—Line terminated by an inductance. 


F : 2 (2) 
is Z and the inductance is L. The current depends upon 


the character of the applied voltage. E = 
If e¢ is a square-topped wave of magnitude EF, 7 ap- F 
: 2E : a 
proaches a magnitude of a along an exponential curve Toman 
L VOLTAGE | 
whose time contant is z The expression for this curve is Fe 
2E ~it 
iF a (32) 
From (30) 
~2t 
e=2Ee * (33) 
From (20), the reflected wave is 
4h 
e=B[ -1426 * | (34) 


Fig. 13—Reflected wave and total voltage waves at successive 
instants upon a line terminated by an inductance in response 
to a square topped wave having a maximum value of E. 


Fig. 12— Voltages and currents at the end of the line shown 
in Fig. 11 in response to a square-top wave having a maximum 
value of E. 


Fig. 12 shows graphs of these curves and Fig. 13 successive 
positions of the oncoming and reflected wave. It will be 
observed that the circuit acts like an open-circuited line 
initially but finally takes on the characteristics of a short- 
circuited line. The voltage starts at a value twice that of 
the oncoming wave and finally reaches zero. The reflected 
wave starts at + # and gradually approaches — LE. 

If instead of a square-topped wave the oncoming wave 
e; of Eq. (31) is of a generalized form, such as shown in 
Fig. 14, the current response can be determined by the 
follow-up method described in Part VI, Sec. 20 of 
Chap. 6. Equation (31) characterizes the phenomenon 
as one in which the instantaneous value of 7 tends to ap- 
proach, along an exponential curve whose time constant 


_ ; 
is 5 a value determined by the voltage at that instant (b) 
divided by the surge impedance. Fig. 14 illustrates the Fig. 14—Graphical method of analyzing line terminated by 
graphical construction. an inductance. me 
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termined through the use of Eq. (20a). All of these quan- 
tities are shown in Fig. 14. Fig. 15 illustrates the relative 
positions along the line of these waves at different instants. 


14. Single Line Terminated by a Capacitor 


Fig. 16 shows the schematic diagram for this case from 
which it may be seen that 


TOTAL 
VOLTAGE 


END OF LINE 


(4) 7 


Fig. 15—Relative positions of waves of Fig. 14 along line at 
different instants. 


Fig. 17—Voltages and currents at the end of the line shown 
in Fig. 16 in response to a square-top wave having a maximum 
value of E. 
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ong fia 


Substituting this expression for e into (19) there results 
that 


cm fe ofech 
aera Zit [i dt 


This is the well known equation representing the charging 
of a capacitor through a resistance upon the application 
of a voltage 2 e;. 

If e; is a square-topped wave of magnitude £, 7 is equal 
to 


ine aoe (36) 
From (19) 
e=2e—Zi=20(1—< *) (37) 
From (20a) 
comer Zi=B| 1-26 | (38) 


These quantities are plotted as a function of time in 


TOTAL 
VOLTAGE 


(3) 


END OF LINE 


] - 


Vee 
v 


Fig. 18—Reflected and total voltage waves upon a line termi- 
nated by a capacitor in response to a square-topped wave 
having a maximum value (E). 


Fig. 17. Fig. 18 shows the position of the reflected wave 
and the total voltage at different instants of time. 


15. Special Case 


A special case will be considered for which the voltage 
across the terminal equipment is a non-linear function of 
the current through it, such as for a lightning arrester. 
In Fig. 19 let the heavy full line represent the volt-ampere 
characteristic of the arrester and the dotted straight line 


530 


Zi, the surge impedance of the line times the current 
through the arrester. From (19) 


er=2(e+Z2) (39) 


This quantity is plotted also in Fig. 19. Since e¢ is the 
magnitude of the oncoming wave at any instant, then 7 


@y21/2 (C421) 


Fig. 19—Special case where voltage across terminal equip- 
ment is a known function of current through it. 


and, consequently, e is known for any value of e; and can 
be plotted as a function of time. Similarly, from (20), e, 
can also be plotted against 7 and is known in terms of 
e and e;. 


16. Network Connected in Shunt Across a Con- 
tinuous Line 


The schematic diagram for this case is shown in Fig. 
20. Let a wave travel from the left and approach the 
network. As the network is reached a reflection will occur 


e =€¢+0, 
G4 *Zig 
Cr=— Zl, 


2e¢sZi+2e 


Z: 
Cre- a! 


Fig. 20—Network connected in shunt across a continuous line. 


and a voltage e is built up across the network. A wave, 
€ is transmitted along the line to the right equal at any 
instant at the junction point to the voltage e. From the 
voltage conditions at the junction point 


érter=e (40) 
and from the current relations 

Uti, =ttt, 

er er. et 
or Z Zt” 
or er—e, = Zite (41) 
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Adding (40) and (41) 

Qe: = Zi +e (42) 
The shunting network will provide another equation con- 
necting e and 7 which in combination with Eq. (42) per- 
mits of the determination of e and 7, Subtracting (40) 
and (41) 

_— Z. 

er= — 5! (43) 
Note that the line to the right can be replaced by a re- 
sistor Z in shunt across the network at the junction point 
as shown by the dotted line. 

As an illustration of this case let the network be a 

resistor R. Then 


e=t 
and substituting in (42) 
2er=Zit+2hi 
or = td, (44) 
Z+2R 
and e= as Re (45) 


The transmitted wave is also equal to (45) and the re- 
flected wave is from (43) 
Z 
or 74 OR" 


(46) 


HI. LATTICE NETWORKS 


When the circuit consists of a number of shunt im- 
pedances distributed along the line as in Fig. 21 (a), the 
solution is expedited and simplified by means of the lattice 
network by Bewley. While the system can be applied 
generally, it will be discussed principally with regard to 
shunt resistors. 


17, Voltage Lattice Network 


If in Fig. 21(a) a traveling wave es moves from the left 
to right toward a then upon reaching a, a transmitted 
wave and a reflected wave is produced. These waves 
can be expressed as follows 

€,= transmitted wave= azez (47) 
= Bret (48) 


where a, is the transmission coefficient which from (45) 
is equal to 


e,=reflected wave 


2h 
Z+2R, 


and 8, is the reflection coefficient which from (46) is equal 
to 


(49) 


_ 2 

Z+2R, 

So long as the line surge impedances are equal on both 
sides of the resistor then the transmitted and reflected 
waves are independent of the direction from which the 
wave propagates. If on the other hand the line is un- 
symmetrical with respect to the resistor this statement 18 
untrue. Thus, if the line surge impedance to the left of 
the resistor is Z and to the right Z’, then for a wave mov- 


(50) 
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ing from the left hand side at the point a the transmission 
coefficient is 


2RZ’ 
RET RE OE! om 
and the reflection coefficient is 
9, - Ra RULE ne 


~ RZTRZ' +22" 


For a wave moving from the right to the left the trans- 
mission coefficient, ya, 18 
QRZ 
Ve RZ RZ4Z2" 


(51c) 


COMPONENTS 
(c) 


Fig. 21—Lattice network. 


(a) Equivalent circuit of line with several shunt impedances at dis- 
tributed points. (b) Lattice network for voltages on above circuit. 
(c) Addition of components from lattice network to give actual volt- 
age at a given point. 
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and the reflection coefficient, 5,, is 
_RZ-R2!-2'2 
RZ +RZ+2'Z 


When the transmitted wave from a reaches b, another 
reflection and partial transmission occurs. The reflected 
wave from b is partially transmitted and reflected from a. 
This continues indefinitely throughout the network until 
the components have been reduced to zero. By means of 
the system? shown in Fig. 21 (b) account can be kept of 
each component not only in magnitude but in time. The 
horizontal distance represents length along the line anc 
the vertical distance time. The inclined lines are so sloped 
that the vertical distance represents the time required for 
the original wave or a reflected component to reach the 
point designated. Let zero time be the instant at which 
the traveling wave e; leaves 0. At time é, this wave has 
reached a. The reflected wave from this point is 8,e, which 
is sloped the opposite direction and is thus indicative of 
motion in the reverse direction. The transmitted wave 
from a, a, es reaches b at time fg when a reflection By aa er 
occurs and the wave ap a, e; is transmitted beyond this 
point. This latter wave reaches ¢ at the time 13. Each 
wave whether it be transmitted or reflected has its own 
transmitted and reflected components. Where two waves 
coincide as at b for time fs where waves from a and c arrive 
at the same time, the reflected and transmitted waves 
from this point are added, as has been done for the wave 
between b and a between ¢s and ég. 

To determine the actual voltage at any point such as 
X it is necessary to add the different components with 
their proper time relations as is shown in Fig. 21(c). The 
method is much simpler than this description might con- 
vey as numerical values simplify very greatly the appear- 
ance of the steps. In most cases the resistors are equal and 
equally spaced. If the voltage at any of the resistors is 
desired, the components of voltage on either one side or the 
other should be added not the components on both sides. 
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18. Current Lattice Network 


So far consideration has been given only to the voltage 
waves in lattice networks. The currents can be obtained 
from the voltage components by merely dividing those 
that move from left to right by the proper line surge im- 
pedance Z and those that move from right to left by the 
corresponding—Z. The sign is determined simply by the 
direction of downward slope of the lines in Fig. 21(b). 
However, instead of using the voltage waves as a basis for 
the lattice network, the current waves can be used with 
equal facility. A similar set of equations employing trans- 
mission and reflection coefficients relates the transmitted 
and reflected waves to the oncoming wave approaching the 
discontinuity. 

For waves, Z;, moving from left to right 


1, = transmitted current wave = a,1t (52) 
1,=reflected current wave = — Bate (58) 

For waves, /:, moving from right to left 
tt= Yalt (54) 
tr= — bale (55) 
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For these equations the transmission and reflection co- 
efficients are identical to those used for the voltages in 
the voltage lattice network for either the simple condition 
of uniform line surge impedance Z (see equations 49 and 
50) or for the more general case of different surge impe- 
dances on each side of the point of discontinuity (see equa- 
tions 51(a) to 51(d)). The negative signs in equations (53) 
and (55) for the reflected waves are due to difference in 
polarity relations between the current waves and their cor- 
responding voltage waves for surges propagating in the 
two directions. 

In accordance with Kirchoff’s law, the current flowing 
in any of the shunt resistors is equal to the algebraic sum 
of the current waves moving into and out of the point. 
Where the line surge impedance Z is the same on both 
sides of the resistor, the resistor current can be given in 
terms only of the summation of the incoming waves from 
both left and right by the following equation 


. _ 2k ; 

’ (resistor) ~Z+2R : 
In summing the different components they must be added 
with the proper time displacement between them. 


56(a) 


IV. MUTUALLY COUPLED CIRCUITS 


19. Voltages and Currents for Two Parallel Con- 
ductors 


Just as the steady-state voltage and current relations 
between two coupled electromagnetically or two electro- 
statically coupled circuits can be expressed in terms of 
two simple linear equations so also can the relations be- 
tween voltages and currents associated with traveling 
waves in two parallel conductors be similarly expressed. 


FORWARD COMPONENTS REVERSE COMPONENTS 


DIRECTION OF 
PROPOGATION PROPOGATION 


J \fy j . 
ff) rt ila) 
| I 
¥olfe U 
fa:c= r2 
2 2 


en =Znin tZiate (57) én = —Ly in — Zito (59) 

€t2 =Zixtti t+ Zrgite (58) er = —Zrrin — Laver (60) 
Alternate Form 

tn=Ynén+Yee (61) t= —Yuen—Yieer (63) 

tee = Yuen + Y mere (62) tre = — Viren ~ Yorere (64) 


DIRECTION OF 


lee 


in which 
- Zo 
el ea (65) 
is Zu 
Yo 
Cuba 2a (66) 
— 212 
res 2202-23 (67) 
for total quantities 
e) =n +eén (68) 
eo = Cf + ér2 (69) 
4 =ta tin (70) 
ta — tee +r (80) 


Fig. 22— Analytic representation of voltage and current waves 
on mutually-coupled circuits. 
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These relations for a pair of forward moving waves is 
given by Eqs. (57) and (58) of Fig. 22. The voltages are 
measured with respect to ground as zero potential and 
the positive sense of current flow is taken as from left to 
right. The corresponding relations for a reverse moving 
pair is given by Eqs. (59) and (60). The coefficients in 
these equations are called self and mutual surge imped- 
ances. 

The converse relations for currents in terms of voltages 
are given by equations (61) to (64) in which the coefficients 
are called the self and mutual surge admittances. Equa- 
tions (65) to (67) give the admittances in terms of the 
surge impedances. 

For cases in which these components only are involved 
the total voltages and currents in the two conductors are 
given by Eqs. (68) to (80). 

Where more than two conductors are involved these 
equations may be generalized quite readily by the addition 
of other terms. Thus, for three conductors Eqs. (57) and 
(58) would be extended by the addition of a third term 
involving the current in the third conductor with a co- 
efficient equal to the mutual surge impedance. In addition 
a third equation would be introduced for e¢3. Similar addi- 
tions would be incorporated throughout the system of 
equations. 


20. Self and Mutual Surge Impedances 


For most traveling waves the current flows near the 
surface of the conductor which permits neglecting the 
flux inside. In addition the earth can in nearly all cases 
be regarded as having perfect conductivity. For these 
assumptions the self and mutual impedances in terms of 
the nomenclature illustrated in Fig. 23 are 


Zi = 138 logio ms ohms (81) 
1 


(82) 


Zy.= 2 = 138 logio ° ohms 


Fig. 23—Two parallel conductors with their images. 
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21. Several Conductors in Parallel 

There are certain practical cases where surges are in- 
troduced simultaneously on several conductors in parallel 
and sufficient symmetry exists that it can be assumed that 
the voltage and currents are equal on each of them. For 
these assumptions an equivalent surge impedance can be 
determined which enables the treatment of the conductors 
as a Single equivalent conductor. 

For two conductors if the voltage, e, of the single 
equivalent conductor is taken as the mean of e, and ez and 


by assumption 7, and 7, are equal to : where 7 is the total 
current, then from equations (57) and (58) 
oe ertes 
2 
Therefore, the equivalent surge impedance is 


= HZ +2Z 2+ Zoe)t 


Z oq = (Zu +27 2+Z 2) ; (83) 
Upon substituting (81) and (82) this becomes 
_ “{Qhi/b\? Zhe 
Leg = 138 logic ae) ry 
wv (2h) b?(2he) 
=] etl ah enc 
38 logio ria (84) 


from which it can be seen that the two conductors can be 
replaced by a single conductor whose radius is /ryr2a? 
and height above ground is 4 W4h,Azb. For most cases 
the height can be taken as the arithmetic mean of the 
two conductors and when they have equal radii 
(ithe) 
T 


Zeq =138 logio cr 


(85) 


22. Wave on One Conductor with the Other 
Grounded 


In order to clarify some of the physical concepts in- 
volved several specific cases will be considered. The first 
of these is shown in Fig. 24, in which a voltage wave is 


CF, 


ef; 


ipo 
(2 Ze2-23, 


CONDUCTOR -I 


. Zie 
l¢g" ~~ 3 Ff 
CONDUCTOR~2 (ZuZae-Za) 


Fig. 24—Voltage and current relations for voltage applied to 
one conductor with other conductor grounded. 


applied to conductor number 1 and conductor number 2 
's grounded. Substituting the condition into Eq. (58) 
that er is always zero, then 


tte = —7,,'* (86) 
Substituting this value into (57) 
. Zin . LulL22— Zin . 
a a = 2 
en itt ties Ze. Uf (87) 
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It can be seen that the only effect of the presence of the 
grounded conductor is to reduce the effective surge im- 
pedance of the ungrounded conductor. 


23. Reflected and Transmitted Waves When One 
Conductor Is of Finite Length and Open Cir- 
cuited 


This case is illustrated in Fig. 25. Let it be assumed that 
the forward moving waves er, and ér are known and it is 
desired to determine their associated currents, the voltages 
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Fig. 25— Reflected and transmitted waves when one conductor 
is of finite length and open circuited. 


and currents that will be reflected backward when the 
point corresponding to the end of the one line is reached, 
and the voltage and current transmitted beyond this point 
on conductor number 1. These quantities constitute the 
eight unknowns 71, t2, en, €r2, tn, tra, et: and iy. The 
eight equations required for their solutions are Eqs. (57) 
to (60) of Fig. 22 and the four following which apply at the 
point of discontinuity: 


enten=er (88) 

éa=Zuty (89) 
tatin=te (90) 
Uti =0 (91) 


7, and 22 can be determined from Eas. (57) and (58) and 
then from Eq. (91) 7,2 is known. By the combination of 
Eqs. (88), (89), and (90) 


én ten = Zu(tatin) 


Substituting in this equation the values of en and en 
as given by Eqs. (57) and (59) there results 


Lites —2Z1tn — Zit. =0 
which gives the equation for 7, when the value of 7,2 
given by Eq. (91) is substituted 


. Aye. 
n= Zit (92) 
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Substituting the values of 71 and 7,2 given by Eqs. 
(91) and (92) into Eq. (59) 
Zi2\. . 
en = —2( 22) —Zial ie) 
Zu 
€n=O0 (93) 


Thus there is no reflected voltage wave on conductor 
number 1 and the voltage en is transmitted undistorted 
past the point of discontinuity. 

Making similar substitutions in Eq. (60) 


VAT . 
erg = tu( in) —Zo2( —1tt2) 
411 


2 
VAAN —Zi3 + 
hy 


r 94 
Cre re ( ) 
From Eqs. (62), (66), and (67) 

. Zia Zu 

OD Gage Fatuaae 
and substituting this value of 772 into Eq. (94) 

Z 
en=— zieaten (95) 
ML 


The total voltage at the end of conductor number 2 is 


Z (96) 


Zi 
€2= erst ere = — pen + ers 
il 
24. Reflected and Transmitted Waves When Con- 
ductor of Finite Length Is Grounded 


For this case, which is illustrated in Fig. 26, the four 
additional equations to be used with Eqs. (57) to (60) 
are the following: 


eaten =e (97) 
éu=Zuta (98) 

inborn = te (99) 
Crater =O, Croa= — ere (100) 


These eight equations can be solved for the eight un- 
knowns with the results given in Fig. 26. The relations 


Zin Cf —22n Zi2 Cte 
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Fig. 26—Reflected and transmitted waves when conductor of 
finite length is grounded. 
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for the currents can be determined from the voltages by 
the equations given in Fig. 22, 


25. Conditions at the Beginning of a Parallel 


This case is illustrated in Fig. 27, and the point of dis. 
continuity A will be discussed first. As in all the cages 
just considered, the original waves are regarded as ap- 
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Fig. 27—Conditions at the beginning of a parallel, 


proaching the point of discontinuity from the left-hand 
side. The reverse or backward moving waves of current 
and voltage to the right of A must therefore be equal to 
zero. Since no current can flow to the left of A, then the 
transmitted current wave in conductor number 2 must at 
all times be equal to zero. The only current present to 
the right of A is the transmitted current wave in conduc- 
tor number 1. The presence of conductor number 2 can- 
not affect either the current or voltage in conductor 
number 1. Similarly, when considering the discontinuity 
at B, it follows that sitice the approaching current wave in 
conductor number 2 is zero then following the same 
reasoning as for A, the current in the conductor to the | 
right of B must be zero and conductor number 2 can have § 
no effect upon conductor number 1. ve: 

The transmitted and reflected waves in conductor =" 
number 1 can be calculated by neglecting the presence of — 
conductor number 2. 


26. Coupling Factor 


In any case such as Fig. 27 in which the current in one - 4 
conductor, such as number 2, is zero, the voltages are : 
from Eqs. (57) and (58) : 

ea=Zuty 


Cr =Zili ‘ ) 


Z 
and Cn=p en (101) 
Zu 


Thus for this condition the voltage induced on con- 3 


ductor number 2 is related to that on conductor number 1 ; 
12 a 


by the term a This is commonly called the couplini 3 


i 
factor and will be denoted by the symbol 


412 
Ka=7 
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The coupling factor can be written in terms of the phys- 
ical constants of the conductors shown in Fig. 23, by the 
use of Eqs. (81) and (82) 


(103) 


As will be shown subsequently, the coupling factor is 
of importance in calculating the voltages induced in con- 
ductors parallel to those struck directly by lightning. 
Values of the coupling factor between phase wire and 
ground wire for lines with one ground wire are given in 
the curves of Fig. 28 for a practical range of transmission 
line construction. For estimating purposes a value of 
0.25 can be used, In Fig. 28 the coupling factor is plotted 
as 2 function of the spacing (a) between the ground wire 
and conductor for various ground wire heights (h). As 
shown by Eq. (103) it is also a function of the dimension 
(b) of Fig. 23 which is defined not only by (h) and (a) 
but by the angular position of the conductor relative 
to the ground wire and the vertical. However this angu- 
lar position has little effect and the curves of Fig. 28 give 
the coupling factor to within about three percent for 
practical conductor positions. In addition the curves ap- 
ply to a fixed ground wire diameter of 3 inch. The prac- 
tical range of ground wire sizes is from 3 to § inches and 
for this range the use of 4 inch gives a maximum error of 
only five percent. 

Coupling Factor Between Conductor and Two 
Ground Wires. If lightning strikes one conductor of 
a double ground wire system at midspan without flash- 
over, coupling factors between the ground wire system 
and phase conductors can be computed on the basis of 
involvement of one ground wire only as no current will 
flow in the other ground wire. This condition applies 
until the disturbance on the ground wire propagates to 
i point in the system such as a tower at which metallic 
connection is made between the two ground wires, If 
on the other hand the lightning strikes a tower top, then 


GROUND WIRE 21/2" DIA. 


COUPLING FACTOR 
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Fig, 28— Coupling factors between conductor and one ground 
wire 4 inch in diameter. 
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GROUND 
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Fig. 29—Configuration for two ground wires and a conductor. 


both ground wires are immediately involved. For cases 
in which both ground wires are involved the voltages 
and currents because of the usual symmetrical arrange- 
ment will be equal on the two ground wires. In Fig. 29 
let the quantities referring to the ground wires be desig- 
nated by the subscripts 1 and 2 and those on the con- 
ductor by the subscript a. The voltage induced on the 
conductor is given by 


. — (Ziat+Zes), 
€a= Digit Zrate = Cut 20), 
where 
Yy=loe= 3 
therefore, the equivalent mutual impedance is 
Zin + Zo 
Zmeq = “ist Bae 


which from Eqs. (81) and (82) is 


Vobibe 


Vda. 
The two ground wires can be replaced by a single equiv- 
alent ground wire whose spacings are shown in Fig. 29. 
The coupling factor can then be written, by combining 
Eqs. (85) and (104), as 


Zmeq = 138 logio (104) 


V/ bib. Deg 
lon Faas 1 P 
a 142 = eq 105 
- lo mal ] ah ve 
8 Var Shas 
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Fig. 30—Coupling factors for two ground wires of ¥2-inch 
diameter. 


Fig. 30 gives values of this factor for practical ranges of 
ground wire and conductor configurations for ground 
wires of 3 inch diameter. Calculations indicate that for 
practical configurations these curves are accurate to within 
about five percent regardless of the position of the con- 


ductor with respect to the ground wires. Ground wire 
diameter has little effect upon coupling factor for values 
between 3 and 3 inches. 


V. ATTENUATION AND DISTORTION 


Aside from the effects of reflections at transition points, 
traveling waves are both attenuated and distorted as they 
propagate along a line. This is caused primarily by losses 
in the energy of the wave due to resistance, leakage, di- 
electric and corona loss. For sufficiently high voltages 
corona is the most important factor and due to it waves 
are attenuated within a few miles to a safe voltage. 

The nature of the distortion produced is shown in the 
oscillograms of Fig. 31 which are typical of the results 
obtained by several studies made with artificial surges on 
transmission lines *!°. Examination of these oscillograms 
shows that both the front and tail of the wave are sloped 
off by propagation. 

Any of the possible types of losses will produce this ef- 
fect. Above corona voltage, however, effects become much 
more pronounced. 


27. Effect of Series Resistance 
For the special case of the so-called “distortionless line” 
RG 
to 
where F is the series resistance and G the shunt conduc- 


tance per unit length of line. For such a line, surges are 
attenuated without distortion. The attenuation in a dis- 


(106) 


R 
tance x is equal to « e which expresses the fraction to 
which the wave is reduced. The unit of x 1s dependent 
solely upon the unit used in expressing 2. 

In actual transmission lines the shunt conductance is 
so low as to be negligible and the condition expressed 
by Eq. (106) is not satisfied. Thus in actual lines a surge 
is not only attenuated but also distorted. If, however, 
the distortion is neglected and the attenuation is derived 
on the basis of energy loss alone ™, a factor equal to 
« *" is obtained. Assuming a 0000 copper conductor of 
surge impedance 500 ohms and d-c resistance of 0.302 
ohms per mile, the surge must travel 2300 miles to attenu- 
ate to one-half value. Of course, the resistance of the 
conductor under surge conditions, due to crowding of the 
current toward the surface, is much greater than that of 
the d-c value. To form some idea as to the order of mag- 
nitude of this effect, the resistance of the conductor at @ 
frequency of 1 000 000 cycles can be calculated. At this 
frequency the resistance is 18 times the d-c value and 
assuming a resistance to surges of this magnitude it 38 
found that the surge must travel 130 miles to attenuate 
to one-half value. In general it may be concluded that the 


attenuation due to resistance is negligible as compared to F 


other factors, such as corona. 


A more accurate indication of the resistance of a con 


ductor under surge conditions is provided by Miller." If 
square-front wave is applied to a conductor, all of the cur- 
rent initially crowds toward the periphery. The current 


density then “soaks’’ into the interior with a diffusion 


£X 
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Fig. 31— Oscillograms of artificial surges showing attenuation 


and distortion, 
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Fig. 32—Transient current distribution in solid rod. 
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“velocity,” A, given by 


h=4/—°- in cm. per sec. (107) 
Arp 


where p=Specific resistivity. 
u= Magnetic permeability. 


For copper h is 11.6 em per sec.”; for aluminum 14.5; and 

for steel, if « is assumed to be 1000, h is 1.9 cm per sec.” 
For a solid round conductor, it is convenient to express 

the results in terms of a numeric given by the relation 


i= (ye (108) 


where ¢ is time in seconds and 8 is the radius of the con- 
ductor in cm. 

The current distribution within the conductor is shown 
in Fig. 32. With increasing time the current first crowds 
toward the periphery at zero time and then penetrates the 


I= = = = é 
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Fig. 33—Ratios of effective resistance to d-c resistance for a 
solid round conductor. 


538 


interior until at long times it is uniformly distributed over 
the cross-section. 

Let K define the ratio of the instantaneous resistance to 
the d-c resistance, and Kay the average of K up to the time 
t. Values of these quantities are given in Fig. 33. Asa 
numerical example of the use of Fig. 33, suppose a constant 
current suddenly is applied to a solid copper rod 4 inch 


in diameter, for which 0 is then 2 =0.685 cm. The 


values of t, K and K,y for various times is given by Table 1. 


TABLE 1—Va uss or t, K, anp K,, FOR DIFFERENT TIMES 


t 107 10-6 10-6 10-4 

t 3.35x1075 3.35x10-4 3.35x1073 3.35x10% 
K 36 12 3.6 14 
Kav 70 22 7.0 2.5 


These values give upper limits. For other than abrupt waves the 
effective resistance is smaller. 


28. Empirical Data on Attenuation 


Studies made by several investigators with klydono- 
graphs have yielded data on the attenuation of the crest 
magnitude of voltage waves due to lightning*}8 An 
empirical formula has been developed by Foust and 
Menger® to fit such data. This formula, which assumes 
that the loss in the wave is proportional to the third 
power of the voltage, is shown in Fig. 34. Its absolute 
value depends upon the arbitrary constant K. In Fig. 34 
are plotted curves from this formula which represent the 
envelope of all available field data and a curve which rep- 
resents a common mean. Other empirical formulae have 
also been developed?,” which correspond (with the proper 
choice of the arbitrary constants) fairly closely to the 


Co 
@ KS@y5+1 


Co2 INITIAL VOLTAGE IN KILOVOLTS. 
S* DISTANCE OF TRAVEL IN MILES. 
Ke EMPIRICAL CONSTANT. 


KILOVOLTS 


K=0.00006 


— 


Sane 


6) 4 8 12 16 20 24 
DISTANCE IN MILES 


Fig. 34—Foust and Menger formula for determination of 
attenuation of crest magnitudes of voltage waves. 
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Foust and Menger formula in the high voltage range. For. 
mulae of this type do not take into account the various 
important factors controlling attenuation and serve only 
to indicate its order of magnitude. Since the effect of dis- 
tortion is not considered, the curves of Fig. 34 can be used 
for estimating purposes to determine the attenuation of 
the crest in a given distance for a surge of a given initia] 
crest voltage by using the point on the curve corresponding 
to the initial voltage as a reference point. For example, 
examination of the mean curve of Fig. 34 indicates that a 
2 000 kv surge will be attenuated to 750 kv in 6 miles and 
a 1000 kv surge to 750 kv in 2.5 miles. 

Since at the higher voltages corona is the most important 
factor, the effects of wave shape, polarity, and line con- 
struction on attenuation can be explained on the basis of 
their effect upon corona. Thus surges on large conductors 
should be attenuated more slowly than on small conduc- 
tors. Likewise positive surges should be attenuated more 
rapidly than negative ones since corona loss is greater for 
positive waves. 

The effect of some of the more important factors are 
shown by the curves of Fig. 35 obtained from studies with 
artificial surges. The curves give the effect of polarity 
and wave shape showing that short surges are attenuated 
more rapidly than long ones. Surges of the same voltage 
propagating on more than one conductor are shown to be 
attenuated less than a surge on only one conductor. 

Ground wires appear to have slight effect on attenua- 
tion. Brune and Eaton? found that at high voltages 
ground wires increased the attenuation slightly but at 
lower voltages decreased it. This appeared to be true for 
both polarities. McEachron, Hemstreet, and Rudge’, 
however, found that positive surges were not affected by 
the presence of a ground wire while negative surges were 
attenuated less. 

In using the data of Fig. 34, the evidence indicates that 
the information from sharp chopped waves lay closer to 
the dotted curves and that information from slower waves 
lay closer to the dashed curve. 


29. Corona 


Attempts have been made to obtain analytical expres- 
sions for the effect of corona on distortion®,”. The best 
picture of the mechanism of corona power loss at the 
present time seems to be the following as given by Skilling 
and Dykes”: “There is a critical electric gradient for air 
that cannot be exceeded. Any attempt to increase it 
results in profuse ionization of the air, and the charges 
liberated by ionization take up such positions in space 
that the gradient does not exceed this value. 

“Shortly after its formation space charge becomes rela- 
tively immobile, probably due to the formation of rela- 
tively heavy ions whose mobility is ‘almost negligible 
compared to electrons. 

“The supply of space charge to the region about a con- 
ductor increases as long as the voltage increases and 
energy must be supplied for their formation from the 
conductor. ’ 

“After the crest of a voltage wave is reached and begins 
to decrease, the space charge remains practically constant 
in magnitude and position. During this time there is little 
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Fig. 35—Effect of the more important factors on attenuation. 


(a) Effect of polarity and wave length. (b) Effect of propagation on more than one conductor. (ce) Effect of polarity and propagation 
on more than one conductor. 


loss in energy from the conductor, what there is being due 
to diffusion of ions in the electric field at a slow rate.” 
Skilling and Dykes” have developed an analytical 
method of determining the distortion which is produced 
by conversion of a portion of the energy of the wave into 
corona loss as the voltage rises to crest value. This de- 
creases the net stored energy of the wave. Line loss is 
neglected after the voltage crest is reached. Distortion 
of the tail is not considered, and it is assumed that the 
crest of the wave is moved along the original tail. Exam- 
mation of oscillograms showing corona distortion such as 
those of Fig. 31 indicate that this is a good assumption. 
The equation which they use for the energy per unit length 
of the wave is the following 
Energy = ze (109) 
which neglects distortion and the formation of space 
charge. The quadratic formula for corona loss per unit 
length is used in the form 
Loss=*(e—)? (110) 
Where ¢ is the critical corona voltage and K and n are 
empirical constants which will be discussed later. This 


type of expression for power frequency corona loss was 
developed by Peek. 


With analytical expressions for the initial surge voltage 
as given by the following 

e=fo(t) (11)) 

or t=Fy(e) (112) 


The equations which they developed for the correspond- 
ing quantities after the wave has propagated a distance 


x are 
7 K(e—e) +nCe 
on f(i—-Ra)n0e,) (113) 
K [e-e x 
t= ro e e+e (114) 
where 


t= time in seconds 
e=voltage in volts 
€)= corona starting voltage in volts (crest) 
v=velocity of propagation of the wave in feet per 
second. 
=9.84& 108 
C'=capacitance of line in farads per foot 
x=distance of travel in feet 
K=the constant of Eq. (110) which relates crest 
voltage in volts to energy loss, in joules per foot 
per half cycle, and which may be found from 
Peek’s quadratic law or otherwise. It is equal to 
Peek’s constant (which is expressed in kilowatts 
per kilovolt per mile) multiplied by 
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Fig. 36—Effect of corona in sloping the front of negative- 
voltage waves of different fronts and magnitudes. 


108 eS 
(sarap 1 895X210 ) For high voltage 


transmission lines K is of the order of 4X10~™. 
Skilling and Dykes describe the constant n as follows: 
“The factor n is a more or less constant factor which is 
needed to account for three differences between the corona 
of traveling waves and corona at power frequency. These 
are (1) the effect of mobility of charge (2) the fact that 
when voltage is alternating there is a space charge left 
over from one-half cycle to the next, and (3) the difference 
between positive and negative corona.” 
They found that good results could be obtained if 
n= 2 for positive waves and n=4 for negative waves. 
Eq. (114) is more convenient for an actual calculation. 
This equation shows that at a distance x for every value 
of e on the front of the original wave there is a new value 
of t. If there were no distortion this would be the original 


value Fy(e) from Eq. (112) plus : the term which repre- 


sents the time for the wave to travel the distance x. The 
t K fe—e 
erm aCe 
produced by corona. It is not necessary to know the ana- 
lytical expression for the initial wave. The wave can be 
plotted graphically and successive values of voltage se- 
lected on the front of the wave with their corresponding 
times. To obtain the time it takes the voltage to rise from 
zero to this same value after the wave has traveled the 
distance x it is merely necessary to add to the initial time 


a describes the distortion of the wave 
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K fe-e : 
the value 5 (=) zx. In this manner the front of the 


distorted wave can be plotted. The crest of the wave jg 
determined by plotting the distorted wave on the same 
figure with the initial wave, starting both at the same 
point. The crest is the point of intersection of the distorted 
front with the tail of the initial wave. 

A comparison of calculations of distortion using this 
formula with oscillograms of actual cases is shown in Fig. 
31 where the solid curve expresses waves calculated by 
Skillmg and Dykes. As seen by these curves the calcy- 
lated results conform closely to the oscillograms above 
the critical voltage except at the crest of the wave. 

In order to obtain a better idea of the effect of corona 
in sloping off the front of voltages high enough to be of 
importance from an insulation standpoint calculations 
were made of the distortion of waves of different fronts 
and magnitudes after traveling different distances. These 
are shown in Fig. 36. 


VI. 60-CYCLE STEADY-STATE PERFORMANCE 


Misunderstanding sometimes occurs in the application 
of wave theory to the steady-state 60-cycle operation of 
transmission lines. This occurs particularly with regard to 
the no-load condition. The question is frequently asked, 
“Since it is known that the waves travel with the speed of 
light, should there not be a phase-angle displacement be- 
tween the two ends of the line equivalent to the time 
required for the wave to travel the length of the line?” 
Actually, of course, at no load the phase displacement is 
very low and if the resistance is equal to zero the phase 
angle is also zero. This difficulty is resolved when the re- 
flections are taken into consideration. To clarify this 
situation, consideration will be given to some simple 60- 
cycle conditions as applied to a resistanceless line. 

As was shown in Section 10 of this chapter, if a resist- | 
ance, equal to the surge impedance, is connected in shunt 
across the receiving end of a resistanceless line and a surge 
is impressed upon the line, no reflections occur at the re _ 
ceiving end. Under these same line conditions, if a 60-cycle 
voltage is impressed across the sending end, waves of volt- 
age propagate along the line and no reflections occur. Since - 
waves travel with the speed of light, 186000 miles per ~ 
second, then a full wave or 360 degrees phase displacement _ 


mG 
oe or 3100-mile Jine. The phase dis 


occurs on a 
60 


300 - 
3100 360 or 34.8 degre 


and the voltages at the two ends are equal in magnitude. - 
2 


placement for a 300-mile line is 


The amount of power absorbed in the resistor 


charging kva just equals the inductive reactive kva of the; 
inductance. This particular load is called the ‘‘surge 4%, 
pedance load.” If the resistance, which might be char 
acterized as a “‘dead’’ load is replaced by synchronous 
equipment, other factors enter which limit the amount 0 
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Fig. 37-Steady-state analysis by means of wave theory of an 
open-circuited resistanceless line 300 miles in length. 


power that can be transmitted. For detailed consideration 
of these factors see the chapter on System Stability. 

Now returning to the open circuit, let the voltage whose 
vector (or phasor) value is indicated by E41 of Fig. 37 be 
Impressed across the sending end of a 300-mile line. At a 
lime later represented by the time required for the wave 
lo traverse the line (34.8 deg.) the wave, Ej, reaches the 
end of the line and is reflected with equal magnitude and 
phase position, Hy». This wave reaches the sending end 
with a magnitude and phase position given by Ey. This 
Voltage is reflected with opposite polarity as given by E,3. 
AON impress upon the line an additional voltage given by 
Es which is equal to E,;. The purpose of this additional 
Voltage is to annul the effect of F,3 1n so far as the line is 
‘oncerned. Both Z,3 and Es propagate along the line but 
‘ince they are equal and opposite they cancel each other. 
All reflections are now provided for adequately. At the 
Sending end are the voltages Es, Es, E,3 and E.s, which 
add up to Betotan in (c). At the receiving end are the 
Voltages #, and Ey». Thus the voltage at the receiving 
end is in phase with that at the sending end and is greater 

y the reciprocal of the cosine of 34.8 degrees or 1.218. 
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CHAPTER 16 
LIGHTNING PHENOMENA* 


Original Authors: 
C. F. Wagner and G. D. McCann 


I. GENERAL CHARACTERISTICS 


HE physical manifestations of lightning have been 
with us from the remotest times, but only compara- 
tively recently have the phenomena become even 
partly understood. Franklin in his electrical experiments 
between 1740 and 1750 succeeded in identifying lightning 
as the static electricity of his time. Beyond this fact little 
was learned until within the past 35 years. The real in- 
centive to obtain additional knowledge lay in the necessity 
of the electrical industry to protect against its effects. As 
longer transmission lines were built the need for reduction 
in outages due to lightning became more acute. This placed 
more stringent requirements upon lightning arresters and 
other protective devices. Largely through the co-operation 
of the utilities and manufacturers and through the use of 
special instruments such as the klydonograph, cathode-ray 
oscillograph, surge-crest ammeter, Boys camera, and ful- 
chronograph, information of a very valuable character has 
been obtained regarding stroke mechanism and the voltages 
and currents associated with lightning. 


1. Charge Formation 


In spite of the great interest in the manner in which 
charges arise in thunderclouds, the question is still contro- 
versial. Some half-dozen theories have been advanced, 
but those of C. T. R. Wilson and of G. C. Simpson or 
modifications of them have received most consideration. 
Both theories postulate ascending currents of air and 
relative motion of rain drops of different sizes. 

Wilson’s theory! depends for its explanations upon the 
presence of large numbers of ions in the atmosphere. Many 
of these ions, both positive and negative, attach themselves 
to minute particles of dust and extremely small drops of 
water, called Aitken nuclei, to form large ions as contrasted 
with unattached or small ions. Over land the number of 
small ions of each sign ranges from about 300 to 1000 per 
cubic centimeter, and the large ions from 1000 to 80 000 
per cubic centimeter. The small ions do not play an im- 
portant part in Wilson’s theory. The mobility of an ion is 
the steady velocity that can be attained under a voltage 
gradient of one volt per centimeter. The large ions have 
very low mobility ranging from 0.0003 to 0.0005 centimeter 
per second. Under a gradient of 10 000 volts per centimeter 
this would correspond to a velocity of only 3 centimeters 
per second. 

Macky’, in a study of the behavior of water drops when 
exposed to electric fields, found that a droplet of radius p 


*The material in sections I and 11 of this chapter is essentially the same as that presented in a series of articles by the original authors that appeared in August, “a 


tember, and October, 1941 issues of Electrical Engineering. The material in section III is revised to include the resulta of field studies through 1949. 
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C. F. Wagner and J. M. Clayton 


centimeters becomes elongated until at a critical field de 
termined by the relation F/p =3875 it becomes unstable, 
A luminous glow is formed at each end and the energy 
absorbed thereby results in evaporation of a portion of the 
water forming the droplet. This sets a limit to the size of 
drops in a thunderstorm. Thus, no drops greater than 0,15 
centimeter in radius can persist in fields of 10 000 volts per 
centimeter. Air pressure has no influence upon the field at 
which this occurs. Macky suggests that in general the 
fields within thunderstorms will rise to a value of the order 
of 10 000 volts per centimeter before discharge occurs. 
Wilson’s theory premises the existence of the normal 
field which occurs during fair weather. This is generally 
directed downward, the direction which convention hag 
adopted as positive. In magnitude it is of the order of 
one volt per centimeter at the surface of the earth and 
gradually decreases with altitude until at 30 000 feet it is 
only about 0.02 volt per centimeter. A relatively large 
drop of water (of say one millimeter radius) in such a field 
will become polarized by induction, the upper side acquir- 
ing a negative charge and the lower side a positive charge 
(see Fig. 1). The velocity of fall under the influence of 
gravity of such a charge will be 590 centimeters per second, 
which is large with respect to the velocity of the slowly 
moving ions even under the maximum field strength of 
10 000 volts per centimeter. At the under surface of the 
drop a selective action with regard to the slowly moving 
ions occurs. The negative ions tend to be attracted and 
the positive ions repelled. No such selection occurs at the 
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er surface. As-a result of this action, the drop accu- 
mulates negative charge. With the loss of the negatively 
charged ions the remaining large ions are predominantly 
ositive. The smaller drops descend with a lower velocity 
and thus their velocity becomes more nearly equal to that 
of the velocity of the large ions under the influence of the 
electric field. It becomes possible then for the small drops 
of water to pick up positive charge by impact with the 
ositive jons. 

Thus, the original charges which were distributed at 
random and produce an essentially neutral space charge, 
pecome separated. The large drops carry the negative 
charges to the lower portions of the cloud and the small 
drops retain the positive charge in the upper portion. 
According to Wilson’s theory the lower portion of the 
cloud is negatively charged and the upper portion, posi- 
tively. This mechanism of discharge has been verified 
experimentally in the laboratory by Gott? who actually 
obtained charge separation by this process. 

The theory of G. C. Simpson‘ also has been substan- 
tiated in part by laboratory experiments. It has been 
shown that a water drop of radius greater than 2.5 milli- 
meters becomes flattened or unstable when it falls through 
still or ascending air. A large number of smaller drops are 
formed. The terminal or steady-state velocity of drops 0.25 
centimeter in diameter is eight meters per second, which 
thus constitutes the limiting relative velocity of rain drops. 
No drops will fall to earth in an ascending current of air 
exceeding eight meters per second. It has also been shown 
that when water drops break up, the resulting droplets 
become positively charged and the air negatively. 

The meteorological conditions within a cloud according 
to Simpson are shown in Fig. 2. The unbroken lines rep- 
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Fig. 2—Meteorological conditions within thunderclouds, 
according to Simpson. 


resent lines of flow of the air, their distance apart being 
‘versely proportional to the wind velocity. The air enters 
the storm from the right and passes under the forward end 
of the cloud where it takes an upward direction. Within 
the cross-hatched oval marked 8 the vertical component 
% the wind is more than eight meters per second; and 
Sutside less. For the reason just stated no water can fall 
through this area. The dotted lines show the general path 
of the larger drops as they fall to earth. The balloon-like 
Surface of which the oval 8 forms the bottom represents 
4 boundary within which the upward velocity is still very 
gh. Only the larger drops are able to descend within 

€ volume so formed and none are able to penetrate the 
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Fig. 3—Electrical conditions within thunderclouds‘. 


oval 8. The drops that do fall within this volume will be 
broken and the parts blown upward. The small drops that 
have been blown upward will recombine and fall back 
again, and so the process will be continued. 

The distribution of electrical charge that will result from 
the conditions represented in Fig. 2 is shown diagrammatic- 
ally in Fig. 3. The mechanism by which charge separation 
occurs is explained clearly by Simpson as follows: 


“In the region where the vertical velocity exceeds eight meters 
a second there can be no accumulation of electricity. Above this 
region where the breaking and recombining of water drops take 
place (the region marked B in Fig. 3) here, every time a drop 
breaks, the water of which the drop is composed receives a 
positive charge. The corresponding negative charge is given to 
the air and is absorbed immediately by the cloud particles, which 
are carried away with the full velocity of the air current (neglect- 
ing the effect of the electrical field in resisting separation). The 
positively charged water, however, does not so easily pass out of 
the region B, for the small drops rapidly recombine and fall back 
again, only to be broken once more and to receive an additional 
positive charge. In this way the accumulated water in B be- 
comes highly charged with positive electricity, and this is in- 
dicated by the plus signs in the diagram. The air with its nega- 
tive charge passes out of B into the main cloud, so that the latter 
receives a negative charge. In what follows, the region B will be 
described as the region of separation, for here the negative 
electricity is separated from the positive electricity. The density 
of the negative charge obviously will be greatest just outside the 
region of separation, and this is indicated in Fig. 3 by the more 
numerous negative signs entered in the region around A.” 


In contrasting the two theories, it may be observed that 
Wilson’s theory leads to the conclusion that the lower 
portion of a cloud is negatively charged and the upper 
portion positively. Simpson’s theory as given above, on 
the other hand, leads to the converse—that an intense 
positive charge resides in the head of the cloud and that 
negative charge is distributed throughout the rest of the 
cloud. Wilson’s experimental observations of field changes 
next to the ground indicated that a charge of positive 
electric moment, that is, a charge distribution equivalent 
to a positive charge above a negative charge, is destroyed 
in the process of most lightning discharges. In addition 
the results of magnetic-link investigations on electrical 
systems, as discussed hereinafter, indicate that approx- 
imately 90 percent of all strokes lower negative charge 
to the transmission system. 

The direct contradiction between these two theories led 
Simpson and Scrase® to investigate the charge distribution 
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in & more direct manner. Free balloons equipped with 
clock-operated apparatus to measure electric gradient, 
atmospheric pressure, and relative humidity were released 
during storms. It was found that in general the main body 
of a thundercloud is negatively charged and the upper part 
positively charged. A concentration of positive charge 
appears to exist frequently in the base of the cloud. Ac- 
cording to Simpson and Scrase the cloud structure of the 
type shown in Fig. 4 offers a satisfactory explanation of 
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Fig. 4— Hypothetical case of a cloud with a positive charge in 
the upper part, a negative charge in the lower part and a 
small region of strong positive charge near the base’. 


practically all the soundings obtained in their investiga- 
tions. The positive charge at the top of the cloud gives 
rise to the positive field encountered at the ground as the 
storm approaches and as it recedes. The negative charge 
contained in the lower half produces a negative field every- 
where under the cloud except where the local concentra- 
tions of positive electricity produce positive fields. Further 
verification of this fact is offered by data obtained by 
Simpson and Scrase by recording ground gradients during 
the passage of storm clouds. From the records of 20 storms 
it was found that the average length of time for which 
the potential gradient was appreciably disturbed from its 
fine-weather value was 75 minutes. By centering each 
record about the midpoint of the total period and dividing 
the record into five-minute intervals, the curve in Fig. 8 
shows the percentage of frequency of positive potential 
gradient. The parts of the curve above the line corres- 
ponding to 50 percent represent a preponderance of posi- 
tive gradient and those below a preponderance of negative 
gradient. It shows that the approach and recession of a 
storm usually are accompanied by positive gradients while 
the center of the cloud produces a negative gradient. This 
is what would occur if the lower portion of the cloud carried 
negative charge and the upper portion positive charge. 

As between the Simpson and Wilson theories, the induc- 
tion theory of Wilson seems to offer an adequate explan- 
ation of negative charge in the lower regions of the cloud 
and the concentration of positive electricity higher up in 
the cloud. It does not explain the positive charge found 
at the base of the clouds. However, quoting from Simpson 
and Scrase: 
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“Our observations have shown quite conclusively that the 
boundary between the positive electricity in the upper part of 
the cloud and the negative electricity in the lower is in eye 
case in a region of the cloud where the temperature is well below 
the freezing point and generally below—10 degrees centigradg, 
In this part of the cloud raindrops cannot exist. The cloud par 
ticles may be supercooled water, but on coalescing they would 
immediately freeze. The precipitation in the upper part of g 
cloud is in the form of crystals, either needles or plates, which 
tend to lie horizontally and to fall slowly in a series of nearly 
horizontal motions, first in one direction and then in another, 
These crystals cannot play the role of the raindrops in Wilson’g 
theory, for in the first place they are nearly perfect nonconductorg 
and so do not become electrically polarized, and, even if they do 
conduct, their shape and orientation is not favorable to the 
formation of induced charges, and finally their rate of fall 
relatively to the air is very slow. It is clear, therefore, that 
Wilson’s influence theory cannot explain the separation of the 
charges found in the upper part of the thunder-clouds. 

“Tt is well known that during blizzards in polar regions which 
are accompanied by large masses of blown snow, very strong 
electrical fields are set up near the earth’s surface. These fieldy, 
with very few exceptions, are positive in direction; that is to say, 
in the same direction as the field in the upper part of a thunder. 
cloud. Simpson, in his discussion of the observations made in the 
Antarctic (Simpson 1919), suggested that the impact of ice 
erystals results in the ice becoming negatively charged and the 
air positively charged. The general settling of the negatively 
charged ice crystals relatively to the positively charged air would 
then result in a separation of electricity with the positive charge 
above the negative. This explanation, however, has not yet been 
confirmed by satisfactory laboratory experiments. Whatever the 
physical explanation may be, there seems little doubt that the 
upper separation of charge in a thunderstorm is in some way 
connected with the presence of ice crystals. 

“There appear therefore to be two different physical processes 
taking place in a thunderstorm to produce the electrical effects: 
One is confined to the upper parts of the cloud where the tem- 
perature is below the freezing point, and the second occurs in the 
lower part of the cloud where the temperature is above the 
freezing point. There is reason to believe that the former i 
associated with the presence of ice crystals and the latter with 
raindrops, probably in the way described by Simpson in his 
breaking-drop theory.” 


Fig. 5 represents Simpson’s revised diagram to illustrate 
the meteorological and electrical conditions in a thunder- 
cloud. This differs from his early conception illustrated in 
Fig. 3, in that a positive charge resides in the upper portion 
of the cloud above a region of separation from the negative 
charge, in which the temperature is between —10 and —20 
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Fig. 5—Meteorological and electrical conditions within : 
thundercloud, according to Simpson’s revised theory: ™. 
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degrees centigrade. More recent investigations of Simpson 
and Robinson’ further corroborate these concepts of the 
three distinct regions of charge distribution. They also 
more firmly establish that the separation of the positive 
charge in the upper region from the negative charge in the 
main body of the cloud takes place at temperatures below 
freezing, while the positive-charge center found at the base 
of the cloud is separated at a temperature above freezing. 

Ww. J. Humphreys’ offers a modification of Simpson’s 
preaking-drop theory. He retains the experimentally veri- 
fed fact that when a neutral drop is broken up by a jet 
of air, the spray particles are negatively charged and the 
larger remaining particles positively charged. It has been 
observed, principally by aviators, that the mean level at 
which the maximum vertical velocity of air occurs is well 
above the halfway point between the base and top of the 
thundercloud. This velocity is commonly so great that 
raindrops cannot fall through the air at its level. There- 
fore, the greatest concentration of raindrops occurs at this 
point and the seat of the most active electric separation 
must be at a still higher level—the level at which drops 
can just maintain their position against the ascending air. 
The negative electricity presumably is first carried to or 
near to, the top of the cloud and from there pulled down 
along, or near to, the cloud wall by the descending air 
that. commonly flows down the sides, incident to cooling 
caused by evaporation. According to this explanation, a 
net, positive charge will occur above the midlevel of the 
cloud and the negative charge will be distributed more 
generally throughout the cloud body. This theory does 
not accept the subzero temperature region of separation 
between the negative and positive charges as put forward 
hy Simpson. 

I. J. Minser,? however, largely from observations of 
wiators, retains the conception of a region of subzero 
temperature as an essential factor in the explanation of 
the charge generation within a cloud. He has found that 
cloud masses of high electric charge exist not only in the 
cumulo-nimbus cloud but also in the cumulus cloud of the 
shower type. His explanation is based on a combination 
of the Wilson and Simpson theories plus the ice-crystal 
theory of precipitation suggested by Bergeron. 

The processes occurring within cloud formations are so 
complicated that it is quite possible that all the foregoing 
phenomena—the electrification resulting from breaking 
drops, the selective attraction by polarized drops, and 
interactions between wind and ice crystals at subzero 
temperatures—are involved. 


2. Rate of Charge Accumulation 


The rate at which the charge accumulates is relatively 
slow as evidenced by the measurements of ground gradients 
by Wilson? and others.” Fig. 6 is a typical record obtained 
by Wilson which shows both the magnitude and manner 
of variation of this quantity. The division between the 
Solid black and shaded areas indicates the magnitude of 
the gradient according to the scale at the left-hand side. 

udden discontinuities such as that at A represent the 
destruction of a portion of the gradient as the result of a 
lightning stroke. The single dark line at a and the double 
dark line at @ indicate the time of the beginning and end, 


Lightning Phenomena 


545 


respectively, of thunder arising from the stroke at A. 
From this record Wilson calculated that this particular 
stroke was 7.1 kilometers distant from the observation 
station. Points B, b, and 8 are similarly associated. Im- 
mediately after the occurrence of a stroke the regenerative 
processes within the cloud begin to re-establish the field at 
the rate indicated by the rate of change of the gradient. 


GRADIENT IN VOLTS 
PER METER 


14 HR. 1) MIN. 


Fig. 6—Measurement by Wilson of ground gradient during a 
thunderstorm. 


Tt can be seen that in general the curve is exponential in 
character and requires many seconds before the charging 
process attains a substantially constant value. The prom- 
inence at 14 hours 12 minutes 30 seconds was produced by 
the measuring device to establish the zero line and is not 
a record of change in gradient caused by a stroke. 


3. Cloud Heights 


A search of the literature reveals very little definite data 
regarding the height at which the stroke can be said to 
originate. Simpson and Scrase® from a limited number of 
observations in England estimate charge centers as occur- 
ring as low as 1500 feet and as high as 30000 feet. Of 
course, the origin of the stroke may not coincide with the 
charge center but may lie between the charge center and 
the base. E. J. Minser, chief meteorologist of Transcon- 
tinental and Western Air, Inc., has observed that the alti- 
tude of the base of low-level thunderclouds frequently lies 
between 500 and 1000 feet. Hefurther states that his studies 
show that the majority of lightning discharges have oc- 
curred in the cumulus clouds of the shower type and that 
strokes to ground occur most frequently from clouds hav- 
ing the lower altitudes. Data in possession of the United 
States Weather Bureau indicate cumulo-nimbus clouds as 
having a mean ceiling of 5500 feet with some of them as 
low as 600 to 700 feet. Thunderstorms for which the ceiling 
is practically zero are also reported at times. Instances in 
which the storm clouds actually envelop mountains rising 
from a plain are quite common. 


4. Charge and Field Distribution 


Fig. 7, taken from Simpson and Scrase’s paper, shows 
also that the fields and consequently the charge densities 
are quite variable. The thickness of the vertical columns 
is a measure of the potential gradient, the shaded portion 
indicating a positive field and the unshaded portion a 
negative field. The maximum gradient that could be re- 
corded in the balloon experiments of Simpson and Scraseé 
and Simpson and Robinson’ was about 100 volts per cen- 
timeter. It was found that a gradient in excess of this 
amount very rarely was recorded in any of the balloon 
ascents, and it was concluded that the field in the thunder- 
cloud is of the order of 100 volts per centimeter except 
in relatively small regions of very great electrical activity 
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Fig. 7—Electric gradient by Simpson and Scrase® with free 
balloons. 


where the lightning discharges originate. They found no 
evidence of large horizontal sheets of positive and negative 
charge with electric fields approaching the breakdown 
strength of the air. 

As shown in Fig. 7, Simpson and Scrase found that the 
field between cloud and ground was more or less inde- 
pendent of height and of the order of 50 to 100 volts per 
centimeter. Thus the gradient in the region between cloud 
and ground is about 1 000 000 volts per thousand feet so 
that for a 10 000 foot cloud the potential at the cloud base 
would be of the order of 10 000 000 volts. Taking into 
consideration the more intense fields near regions of high 
charge distribution, it is likely that cloud potentials are of 
the order of 20 000 000 volts. 


5. Mechanism of Stroke 


The electrical charge concentrations within a cloud, of 
course, must. be limited to the bounds of the cloud proper 
and in most cases are much smaller. In relation to these 
dimensions the earth can be regarded as infinite in extent. 
It follows then, from consideration of a flux plot, such as 
that of Fig. 4, that before the discharge the electrical gra- 
dient within the cloud must be very much greater than at 
the earth where the gradient never exceeds about 100 volts 
per centimeter. Thus, the discharge tends to be initiated 
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Fig. 8—Average frequency of occurrence of positive potential 
gradient at the ground during passage of a thundercloud!. 


at the cloud rather than at the ground. As mentioned 
previously, the tests of Macky show that in a region occu- 
pied by water droplets of the size expected in clouds the 
critical breakdown voltage is 10 000 volts per centimeter, 
a magnitude contrasted with 30 000 volts per centimeter 
in air without water droplets. This phenomenon likewise 
tends to initiate the discharge from the cloud. In addition, 
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the lower pressure at the higher altitudes, even if there 
be no water droplets, decreases the breakdown gradient 
On the other hand, tests indicate that discharges from 
positive terminals appear to require lower gradients than 
discharges from negative terminals, and since most dig. 
charges are from negative cloud sources, this Property 
would tend to encourage the initiation of discharges from 
the ground. 

What are the facts? The results of a large number of 
photographic records by Schonland’® indicate that all of 
the discharges he has observed were initiated from the 
cloud end rather than from the ground. McEachron" hag 
shown that for the discharge of lightning to a very tall 
building the initial streamer usually proceeds upward from 
the building. In a later discussion” he states: “Thus far 
I have no evidence that upward leader strokes occur to 
transmission lines of the usual height.’”’ The evidence, 
therefore, suggests that for the type of discharge with 
which these articles are largely concerned, namely, those 
to low structures, the initial discharge can be assumed to 
start from the cloud. 

Present knowledge of the mechanism of stroke propaga- 
tion is largely the result of the work of Schonland and his 
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Fig. 9—Boys-camera photograph of lightning taken by 
Schonland?" 
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associates in South Africa.'*-!7 Most of their data were 
obtained photographically by means of a Boys camera. 
The essential feature of the Boys camera is that it contains 
two lenses mounted diametrically to the axis about which 
the lens system rotates with respect to the film. The com- 
pination of the motion of the lenses and the propagation 
of the stroke produces two distorted pictures of the stroke 
from which, by superposing, one can deduce the direction 
and velocity of propagation of the stroke from the displace- 
ment between corresponding points on the two images. 
The speed of revolution of Schonland’s Boys camera was 
3000 rpm which permitted a resolution of the photograph 
of 0.3 microsecond. Fig. 9(a) shows a pair of these pictures 
mounted together. 

A lightning discharge which usually appears to the eye 
as a single flash is in reality generally made up of a number 
of separate strokes that travel down the same path. The 
interval between these components varies between 0.0005 
apd 0.5 second. Each separate stroke starts as a downward 
leader from the cloud. When the downward leader strikes 
the ground it is followed by an intense return streamer 
which consists in a point of intense luminescence traveling 
from the ground to the cloud. The rather interesting 
properties of these phases of the flash are to be discussed 
subsequently in some detail. Fig. 9(b) is typical of the 
pictures obtained by Schonland. It shows a number of 
repetitive strokes. A slower camera of this general type 
permits the determination of the order in which the 
(discharges occurred. 

Initial Leaders—The leader of the first component 
stroke of a flash is preceded by a “‘pilot streamer’ which 
represents propagation of the discharge into virgin air hav- 
ing very low ionization. Currents'® associated with the 
pilot streamer are small, the majority being of the order 
of only a few amperes. The luminosity is likewise very 
low—so low that it does not register on the photographic 
plate of a Boys camera. Its existence is deduced by infer- 
ence and by an analysis of the mechanism of the discharge. 
In the following discussion velocities are given in terms of 
that of light (approximately 1000 feet per microsecond) 
ds it is the same as that of waves on transmission lines, 
and, therefore, provides a very convenient bench mark 
when the phenomenon is applied to considerations of the 
effect upon systems. The most frequent velocity of prop- 
gation of the pilot streamer is about 1/20 of one percent 
of that of light. 

As the pilot streamer proceeds, it is accompanied by 
Points of luminescence which travel in jumps giving rise 
to the term “‘stepped leader.’”’ The velocity of these steps 
exceeds one-sixth of that of light and the distance traveled 
M one step is about 50 meters. The path of each step is 
essentially straight but each fresh step, in general, takes a 
diferent direction. The change in direction at each junc- 
tion thus gives rise to the tortuous path characteristic of 
lightning. The electrostatic lines of force from the stroke 
to ground should form essentially smooth curves—another 
fact. which suggests that the zigzag path must be attribut- 
able to some variable condition at the head of the dis- 
charge, this condition being either variations in the head 
itself or variations in space ionization. Fig. 10 shows a 
Photograph of several such stepped leaders obtained by 
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Fig. 10—Boys-camera photograph by Schonland" showing 
the ‘‘stepped leader.’’ 


Schonland by means of the Boys camera. The arrows 
indicate the direction of time, and the stepped leaders 
are shown to the right of the subsequent brilliant return 
stroke. As the leader seeks its way to earth, branches 
radiate from the main stem forming tentacle-like fingers 
spreading earthward. This stage of the process is shown 
in Fig. 11(a). A portion of the charge in the center from 
which the stroke originated is lowered and distributed over 
this entire system of temporary conductors. This process 
continues until one of the leaders strikes the earth. Short 
streamers have been observed to reach upward from the 
earth to meet the downward-moving leader just before it 
reaches the earth, but, in general, if such exist they must 
be short. Regarding this point, Schonland in a letter to 
the authors says: 

“Tt must be remembered that the country in which we work 
consists of rolling hills and valleys, so that the base of the dis- 
charge is often obscured; there must, however, be a large num- 
ber of cases in which the full length of the discharge was recorded 
by the cameras and we have seen no evidence of any extensive 
leader discharge from ground. Such leaders as do occur are com- 
paratively short, for otherwise we should have detected them.” 


Return Stroke—As the leader strikes the ground an 
extremely bright return streamer propagates upward from 
the earth to the cloud following the same path as the main 
channel of the downward leader. The charge distributed 
along the leaders thus is discharged progressively to ground 
giving rise to the very large currents usually associated 
with lightning discharges—currents varying between 1000 
and 200 000 amperes. The rate of propagation, about 10 
per cent of that of light, is determined by the rate at which 
the head of the lightning channel can become sufficiently 
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pleted; pilot streamer about to 
strike earth 


(a) Charge centers in cloud; pilot 
streamer and stepped leader prop- 
agate earthward; outward 
branching of streamers to earth. 
Lowering of charge into space 
beneath cloud 


(d) First charge center com- 
pletely discharged; development 
of streamers between charge cen- 
ters within cloud 


(c) Heavy return streamer; dis- 
charge to earth of negatively 
charged space beneath cloud 


(f) Heavy return streamer dis- 
charge to earth of negatively 
charged space beneath cloud 
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charge centers; dart leader prop- 
agates to ground along original 
channel; dart leader about to 
strike earth; negative charge 
lowered and distributed along 
stroke channel 


(e) Discharge 


Fig. 11—Diagram showing charge distribution at various 
stages of lightning discharge. 


conducting to accommodate these large currents. The 
charge that had been lowered from the cloud to the 
antenna-like system of streamers by this means is further 
lowered to ground. The former of these processes is rela- 
tively slow, requiring a time of the order of 10 000 micro- 
seconds, whereas the latter is relatively fast, requiring only 
about 50 to 100 microseconds. Since the same charge is 
involved in both stages, the difference in time explains the 
large difference in currents involved in the two stages. 
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Fig. 12—Mechanism of discharge of component stroke, 
according to Schonland, 


Fig. 12 represents the story of a complete discharge of g 
component stroke according to Schonland,'® in which the 
upper figure shows the progress of the stepped leaders and 
the lower figure the return streamer. Note that the time 
scale has different units. 

From the instant of initiation of the leader streamer to 
ground similar leaders progress into the cloud, tapping 
more and more charge. After the completion of the initial 
high-current discharge, a smaller current continues to flow 
for some time, the magnitudeand duration being dependent 
upon the propagation of the streamers within the cloud 
body. This point is illustrated very well by the current 
record’® shown in Fig. 13 obtained at the Cathedral of 


20,000 

10,000 
vy) 
W POO INITIAL HIGH CURRENT 
wi SHORT DURATION 
2 2,000 LOW-CURRENT- 
] LONG-DURATION TAIL 
- 1,000 
Z 
@ 500 
a 
> 
oO 


TIME — MICROSECONDS 


Fig. 13—Current record of direct stroke 
Learning of the University of Pittsburgh, June 10, 1939; 
negative polarity; four coulombs. 


Learning of the University of Pittsburgh. A high-current 
component, which rises very quickly to 20 000 amperes, 
decreases to 1000 amperes in 200 microseconds. From 10 
amperes the decay is much slower, the current dropping 
to less than 100 amperes in 10 000 microseconds. ; 
Multiple Strokes—With the development of @ high- 
conducting are path between the charge center and ground, “ 
the potential of the charge center is lowered considerably:; ' 
This process may develop higher potential differences ber, 
tween this charge center and another charge center within, 3 


the cloud, resulting in the continued progress of streamers, 
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into the cloud and the formation and attraction of stream- 
ers from the other charge center. Upon the meeting of two 
such approaching streamers, a relatively low-conducting 
path to ground for the new charge center is formed. The 
resulting discharge traverses the same path blazed by the 
arst stroke. The leader streamer of this stroke differs from 
that of the first stroke in that the stepped phenomenon is 
ysually not discernible in Boys camera photographs, there 
is no branching, and the velocity of propagation is much 
larger, being of the order of three percent of that of light. 
Because of these characteristics this leader is known as a 
“dart” leader. Upon reaching the earth, a return streamer 
travels back to the cloud just as for the first stroke. This 
mechanism is illustrated in Fig. 11. The stroke current 
at the ground is also similar in character to that of the 
first stroke, rising rapidly from zero to a maximum, filling 
slowly for several hundred microseconds and then more 
slowly for a much longer time. Schonland’s results indicate 
that in the majority of cases the crest magnitude of the 
first stroke is the greatest, probably because the branching 
of the antennae system of streamers permits of a lowering 
of a larger charge before it is released to earth. This is not 
always the case, as the second or subsequent strokes are 
sometimes the greatest. 

As the charge in the second charge center is dissipated 
by being carried to ground, the streamer in the cloud might 
tap a third center and the same process be repeated. In 
general, approximately half the flashes are of this multiple 
character. Flashes having as many as 40 component strokes 
have been observed by Larsen.*° A conception of the 
relative time involved in these processes is given by 
Pig. 14. 

In general, the rates of propagation of the discharges 
discussed vary in inverse manner to the amount of previous 
ionization of the path. Thus, the initial pilot streamer 
progressing into virgin air with very little ionization was 
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the slowest, being about 1/20 of one percent of that of 
light. The stepped leaders that followed in the path blazed 
by the pilot streamer have a velocity of the order of 3 
percent of that of light. The return streamer is also quite 
rapid as it follows the intense ionization of the initial 
streamer and has a velocity about 10 percent of that of 
light. Because of the interval elapsing between component 
strokes and the resultant deionization, the velocity of 
propagation of the dart leaders is about one per cent of 
that of light. The velocity of propagation of the pilot 
streamer into virgin air appears to be associated'* with the 
critical drift velocity of an electron under the influence of 
the breakdown voltage gradient of air. 

Hot and Cold Lightning—It has been known for a 
long time that the explosive and incendiary effects of dif- 
ferent strokes vary widely. One stroke might blow a tree 
apart and still have little burning tendency while another 
might have little bursting effect and still result in a fire. 
This difference was recognized as early as 23 A.D. by Pliny 
the Elder who wrote in his “Natural History”: 


“Of thunderbolts themselves several variations are reported. 
Those that come with a dry flash do not cause fire but an ex- 
plosion. The smoky ones do not burn but blacken. There is a 
third sort called ‘bright thunderbolts’ of an extremely remark- 
able nature; this kind draws casks dry without damaging their 
lids and without leaving any other trace and melts gold and 
copper and silver in their bags without singeing the seal. Marcia, 
a lady of high station in Rome, was struck by lightning while 
pregnant and though the child was killed, she, herself, survived 
without being otherwise injured. Among the portents in connec- 
tion with Catiline, a town councillor of Pompei numed Marcus 
Herrenius was struck by lightning on a fine day.” 


Returning from antiquity, fire-tower lookouts have ob- 
served similar distinguishing characteristics in strokes that 
do and do not cause fires. Along more scientific lines the 
persistence of the luminosity of the main channel of a 
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Fig. 14—Diagram showing lightning mechanism and ground current. 
All velocities expressed in percent of the speed of light, which is 984 feet per microsecond or approximately 1000 feet per microsecond. 
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lightning stroke was recognized by Schonland and Collens" 
in 1934. 

Walter" in 1935 discussed a photograph taken hy Doctor 
H. H. Hoffert in 1889 which was obtained by turning the 
camera to and fro by hand about a vertical axis, the period 
of rotation being about three-quarters of a second. Streaks 
of light appeared between component strokes on the 
negative and in explaining their presence he says: 

“Now, as I demonstrated some years ago, they are by no 
means due to an afterglow of the lightning channel produced by 
thermal or phosphorescent causes, but they are always asso- 
ciated with a real after-discharge in the channel, that is, with 
an electric current following the main discharge along the same 
track.” 


According to his explanation, the duration of these points 
of luminescence must have been at least 0.1 second. 

Stekolnikov and Valeev” in 1936 measured voltages in- 
duced on a horizontal antenna by indirect lightning strokes. 
Results they obtained with a rotating klydonograph indi- 
cated that the duration of the current was between the 
limits of 2600 and 10 000 microseconds. 

McEachron and McMorris,™ also in 1936, refer to an 
unpublished photograph by one of them which shows a 
duration of luminescence of 0.23 second. This stroke how- 
ever is described as being to a tall steel-frame building and 
such a stroke has different characteristics from strokes to 
open ground and transmission lines. 

Continuing the work of Schonland and his associates, 
Malan and Collens'® report data on the luminescence in 
the following statement: 

“The most frequent value of the duration as measured on the 
photographs appears to be of the order of 1000 microseconds, 
ranging in extreme cases from a few hundred microseconds to 
half a second.” 

Bellaschi,™4 by comparing laboratory discharges of differ- 
ent magnitudes and durations, showed that long-duration 
currents were essential to ignite excelsior, form fulgurites, 
or produce significant melting of metal. Further evidence 
of the existence of lightning currents of long duration was 
observed by Bergvall and Beck® in the form of markings 
left by discharges upon lightning rods and arrester gaps. 
These markings were correlated in the laboratory with 
markings produced by impulses of known wave shape, from 
which the existence of long-duration waves was demon- 
strated. Fig. 15 shows the degree of melting of several 
one-half-inch copper rods tapered for a distance of one 
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Fig. 15—Fusion data on strokes to the Cathedral of Learning, 
University of Pittsburgh. 


inch, which were placed by the authors in the path of 
actual lightning currents. A fulchronograph record for one 
of these is shown in Fig. 13. 


6. Ground Gradients 


As stated previously, the fine-weather electrostatic gra- 
dient at the surface of the earth is positive and averages 
about one volt per centimeter. As a charged cloud passes 
over a particular spot this gradient at first rises because 
the positive charge in the upper portion of the cloud be- 
comes effective first. As the cloud continues to approach, 
the gradient then decreases and finally becomes negative 
as the negative charge in the lower portion becomes effec- 
tive. The magnitudes of field gradients directly beneath 
thunder clouds are from about 50 to 100 volts per centi- 
meter before a discharge occurs. 

As discharges occur, the nature of the electric field be- 
comes more complicated. Appleton and Chapman” have 
obtained cathode-ray oscillograms of the change in gradient 
due to strokes at various distances and correlated them 
with the characteristic portions of the stroke mechanism 
Schonland, Hodges, and Collens!”? have co-ordinated Boys 
camera photographs with similar cathode-ray oscillograms 
of the change in gradient due to strokes at distances of 
several miles. These records were found to be of the two 
principal types illustrated in Fig. 16, 65 percent being of 
the type shown on the left and 35 percent of the type shown 
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Fig. 16—Relation between stroke mechanism and ground gradients for the two types of discharges observed by Schonland. 
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on the right. In this figure the upper portions show the 
gradients and the lower portions the photographic records. 
As may be seen from this figure, the electric field can be 
resolved into three characteristic portions labeled a, b, and 
c. As shown by the photographic record, the ‘‘a’”’ portion 
is associated with the downward leaders, the “b’’ portion is 
associated with the return streamer in the period it prop- 
agates from ground to cloud, and the “‘c” portion with the 
jower-magnitude current flowing down the channel after 
the return streamer reaches the cloud. 

For the more predominant type of discharge illustrated 
on the left in Fig. 16, the pilot streamer moves from cloud 
to ground at a more or less uniform speed and the field 
increases as the pilot streamer propagates, having super- 
imposed oscillations produced by the stepped leaders. The 
increase in gradient is produced by the lowering of charge 
from the charge center in the cloud to the region between 
cloud and ground. In the second type illustrated at the 
right, the pilot streamer moves at a uniform velocity of 
the same order of magnitude as for the first case over the 
first part of its path. However, at a certain point in the 
path its velocity decreases, and the step length and bright- 
ness of the stepped leaders becomes much smaller. Owing 
to the time constant of the amplifier used for measuring 
the field, the recording spot falls to zero during this phase 
of the leader process because of the slow change of field 
strength. 

The “‘b” portion represents a much more rapid rate of 
change of field because of the rapid lowering of the charge 
from the antenna-like system between cloud and ground 
to the ground by the return streamer. Since rapid changes 
of current also are present, they produce part of the electric 
field. As the nature of the field is a function of the distance 
from the stroke, these records should not be taken as 
typical of the gradients very close to strokes. 


7. Strokes to Tall Buildings 


McFEachron" has made investigations of lightning to thé 
Empire State Building in New York City. Equipment 
installed in the tower can measure the current of strokes 
to the mooring mast, and cameras located in near-by 
buildings can photograph the stroke simultaneously, thus 
permitting co-ordination of the records. Because of the 
high altitude of this building, it acts much as a large needle 
extending up from a plane. The gradients developed at the 
tower become so large that most of the discharges develop 
from the tower mast and propagate upward. These dis- 
charges usually begin with small currents and may or may 
not develop into distinct discharges of high current value. 
Of 47 strokes photographed, 34 indicated continuous cur- 
rent flow until the end of the stroke and 4 consisted of two 
Succeeding continuous discharges in the same path, while 
7 others began as continuing strokes followed by distinct 
discharges. Development of extensive leaders from the 
ground end appears to be characteristic of strokes to tall 
buildings exclusively. Caution must be exercised in apply- 
ing data obtained from tall structures to lower structures 
such as transmission lines, for certainly the pilot leader 
and stepped leader of the first component differ from those 
for strokes to essentially flat ground. In addition, the 
mechanism of discharge from tall objects may be such 
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as to draw strokes from clouds at a smaller voltage than 
lower objects. 


Il. INSTRUMENTS FOR THE MEASUREMENT 
OF LIGHTNING SURGES 


Of primary importance in the lightning protection of 
transmission lines is a knowledge of the magnitude, dura- 
tion, and wave shape of the voltage and current surges 
appearing on utility systems. The characteristics of the 
stroke itself determine the resulting surges which occur on 
the electrical systems. Thus it becomes desirable to have 
instruments capable of measuring not only the system volt- 
ages and currents, but also the properties of the stroke. 

One difficulty encountered in the development of such 
instruments is the wide recording range both in magnitude 
and time that must be covered. Currents vary from a few 
amperes to 200 000 amperes. Portions of the wave change 
so rapidly that time intervals of the order of a microsecond 
need to be measured, while at the same time the duration 
of the complete stroke may be longer than one second, or 
1 000 000 microseconds. 

The element of chance is also introduced in that the 
point at which lightning may strike is unpredictable. The 
probability of a given point being struck is enhanced by 
height so that in some cases instruments are installed on 
tall objects. However, the available evidence indicates 
that discharges to such objects differ in important aspects 
from those to low objects. In order to obtain data that 
are truly characteristic of strokes to transmission lines and 
other electrical equipment, the observer is faced with the 
prospect of placing a large number of instruments in the 
field with the hope that some will obtain for him the desired 
information. Economic considerations thus place a very 
serious limitation upon the instruments, since to be prac- 
ticable for use in large numbers their unit cost must be small. 

Since voltage rather than current is the immediate cause 
of system outages it is natural that field measurements 
were first made of voltages produced on lines by lightning. 
Thus voltage-measuring instruments were developed first. 


8. Spark Gaps 


The first attempts were made with a relatively crude 
device consisting of parallel gaps with different spacings. 
To prevent the first gap to break down from short-circuit- 
ing the others and to prevent a system outage, a relatively 
high resistance was placed in series with each gap. The 
maximum gap broken down, which was indicated by mark- 
ings on a thin piece of paper, was a measure of the voltage. 
Peek?’ used sphere gaps and needle gaps in parallel to 
obtain a measure of the wave shape. A comparison of the 
length of gap sparked over for the two types of electrodes 
gave some indication of wave shape. 


9. The Klydonograph 


The first successful field instrument developed for surge- 
voltage measurements was the klydonograph, invented by 
J. F. Peters?’ in 1924. In 1777, Doctor G. C. Lichtenberg 
discovered that figures can be produced in sulphur dust by 
the electrostatic field of a charged electrode placed near by. 
Others found that Lichtenberg figures could also be pro- 
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Fig. 17—Klydonograph. 


duced on photographic plate. These figures are functions 
of the magnitude, polarity, and wave shape of the im- 
pressed voltage. The klydonograph (Fig. 17) employs these 
characteristics for the measurement of surge voltages. 

The klydonograph consists of a rounded electrode bear- 
ing upon the emulsion side of a photographic film or plate 
resting on the smooth surface of an insulating plate backed 
by a plate electrode. In Fig. 18 are shown typical klydono- 
grams obtained for different types of voltages. The mini- 
mum critical voltage necessary to produce a figure is about 
2.0 kv and the maximum voltage that can be recorded is 
about 18 kv, since at higher voltages spark-over occurs 
and fogs the film. 

For unipolarity there are characteristic differences be- 
tween the figures for positive and negative voltages. How- 
ever, for either polarity the radius of the figure, if it is 
symmetrical, or the greatest distance from the center of the 
figure to its outside edge, if it is unsymmetrical, is a function 
only of the applied voltage. Oscillatory waves produce 
superimposed figures for each part of the wave, enabling 
a distinction to be made between unidirectional and 
oscillatory voltages. 

The klydonograph has been built with multiple elements 
for simultaneously recording several voltages on a trans- 
mission line. It has been developed also with a slowly 
moving roll film co-ordinated with a recording clock to 
enable more than one surge to be recorded together with 
its time of occurrence. In addition rapidly moving film 
has been used for measuring power-frequency voltages and 
lightning surges. A better interpretation of the character 
of the surge can be obtained from positive figures since for 
the same voltage they are more than twice the size of the 
negative figure, and the nature of the figure varies more 
with wave shape. Thus negative surges of less than twice 
normal line voltage cannot be recorded as they are obliter- 
ated by the positive part of the power-frequency record. 
To overcome this disadvantage, Foust®® developed an in- 
strument having two elements in parallel, one connected 
in the opposite polarity to the other so that a positive 
figure is always obtained. In applying the klydonograph 
to the measurement of voltages on transmission lines a 
capacitance potential divider is generally used. 
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The klydonograph has been employed in conjunction 
with a resistance shunt for the measurement of surge cur- 
rents and has also been used to measure the maximum rate 
of rise of current in transmission-line conductors” and 
tower legs*! by connecting it across a resistance in series 
with a loop of wire inductively coupled with the main 
current circuit. 

The klydonograph is a relatively simple and inexpensive 
device, which permits its use in large numbers. It has been 
valuable in providing statistical data on the magnitude, 
polarity, and frequency of voltage surges on transmission 
\ines. However, its accuracy in measuring magnitude is 
only of the order of 25 or 50 percent and certain inter- 
pretations regarding wave shape that have been made with 
it are questionable. 


10. The Cathode-Ray Oscillograph 


A cathode beam consisting of a stream of electrons 
emitted from a “cold” cathode and accelerated in an electric 
field in an evacuated tube was first produced by F. Braun 
in 1897. Wiechect developed the concentrating coil for 
beam focusing and the principle of magnetic and electro- 
static deflection. In 1913 Zenneck employed the principle 
of the cathode-ray beam to record electrical phenomena. 
Ile photographed traces of the beam impinging on a fluo- 
rescent screen and deflected by a surge of a few milliseconds 
duration. This method of recording, however, was not 
suitable for surges as fast as those produced by lightning. 
Dufour® developed the first cathode-ray oscillograph cap- 
able of recording such transients. He increased the record- 
ing speed by permitting the beam to impinge directly upon 
photographic film placed inside the evacuated tube. An 
oscillograph of this type was first used to study the be- 
havior of artificial lightning surges on a transmission line 
in the United States by the Westinghouse Electric Corpor- 
ation in 1926, on a five-mile line furnished by the Duquesne 
Light Company. 

Unless the beam is prevented from striking the film until 
the occurrence of the phenomenon which it is desired to 
record, fogging of the film results. Norinder * overcame 
this difficulty by means of a special relay, which normally 
prevented the beam from striking the film but which upon 
the occurrence of a surge bent the beam around the block- 
Ing target. The Westinghouse company* employing this 
relay developed an oscillograph suitable for both field and 
laboratory work. 

Two other schemes have been used to initiate a Dufour 
type of oscillograph and make it, suitable for lightning 
Studies. The General Electric Company* developed an 
oscillograph in which the voltage supply to the cathode 
Was an impulse, from a small surge generator, initiated 
through a triple gap by the surge to be recorded. George* 
developed a hot-cathode grid-controlled high-vacuum tube. 

Oscillographs of the foregoing type employ cathode volt- 
ges of about 30 to 40 kv. Having power supplies of such 
high voltage and being of the pumped type to enable 
emoval of film, they are relatively expensive and delicate 
operation and require the constant attendance of an 
Sperator. These considerations greatly limit their use in 
the field, especially in numbers sufficient to obtain data of 
4 Statistical nature. 
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The Radio Corporation of America has developed a 
sealed-off cathode-ray oscillograph tube that permits suf- 
ficient recording speed by means of external photography 
of the fluorescent screen. Sufficient writing speeds by this 
method were made possible by its great beam intensity 
and the development of more sensitive photographic films 
and faster lenses. A laboratory oscillograph utilizing this 
tube has been described by Kuehni and Ramo.” Being 
sealed off, this tube lends itself readily to field work, for 
automatic operation. Wagner and McCann** with the co- 
operation of Ackermann developed a circuit and auxiliary 
device for use with this tube that permits its placement in 
the field without the constant attendance of an operator. 
It is portable and operates from a 110-volt a-c circuit. The 
tube is of the hot-cathode type and requires a potential of 
15.000 volts to accelerate the electron beam which im- 
pinges upon a Willamite screen. The image thus produced 
is photographed. An auxiliary grid within the tube pre- 
vents the formation of an electron beam under normal 
conditions; hence fogging of the film is prevented. On the 
occurrence of a surge the beam is automatically initiated 
by the control grid and records the phenomenon. 

To measure the voltages on transmission lines a ca- 
pacitance divider is generally used, and for surge currents 
a resistance shunt, the voltage across the resistance being 
applied to the oscillograph plates. To cover a wider cur- 
rent range a nonlinear shunt can be used. 


11. Paper Gaps 


A thin piece of paper between two electrodes connected 
in the lead carrying the surge current has been used to 
obtain an indication of the magnitude of surge cur- 
rents.*® . 41 Tests with surge-generator discharges and 
60-cycle currents indicate that the area of the hole pro- 
duced in the paper is proportional to crest magnitude of 
current and is independent of wave shape. The effect of a 
multiple stroke, however, is questionable. 


12. Fusible Wires 


By calibrating different-sized wires connected in series 
and noting the largest one that fuses,” it is possible to ob- 
tain an approximate indication of the time integral of the 
square of the current. One of the first to employ this 
principle was Professor E. C. Starr of Oregon State Uni- 
versity, who used it to measure strokes to masts at light- 
ning stations which he established on mountain peaks. 


13. Magnetic Surge-Crest Ammeter 


The magnetic surge-crest ammeter developed by Foust 
and Kuehni* provided a simple and inexpensive instru- 
ment capable of measuring the crest magnitude and po- 
larity of surge currents. This instrument consists of a 
small bundle of laminated permanent-magnet steel pieces. 
It is placed in an unmagnetized condition in the vicinity of 
a conductor whose current it is desired to measure. The 
remanent magnetism produced in the steel is a function of 
the magnitude of the current producing it for unidirec- 
tional surges. A special instrument measures the remanent 
magnetism and is calibrated directly in terms of the orig- 
inal magnetizing current. The polarity of the surge is 
indicated by the direction of magnetization. This instru- 
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{a) (b) 
Fig. 19—Surge-crest ammeter links. 
(a) Link. 
(b) Link in position on transmission-line tower. 


ment has been used extensively both in the United States 
and abroad to measure currents in direct strokes; in trans- 
mission-line tower legs, ground wires, and phase con- 
ductors, in counterpoise conductors and in ground leads of 
arresters. 

The magnetic links are usually placed in brackets as 
shown in Fig. 19 (b), fastened to the conductor so that 
their axes coincide with the normal direction of the mag- 
netic lines of force. Several links placed at different dis- 
tances from the conductor commonly are used to cover 
a wider range of currents and also to distinguish between 
unipolarity and oscillatory surges. These instruments 
being cheap and simple, thousands of them have been used 
throughout the United States and have provided valuable 
information relating to lightning currents. 


14, Crater-Lamp Oscillograph 


A magnetic oscillograph cannot record faithfully fre- 
quencies much above 10 000 cycles per second and cannot 
record the wave shape or crest magnitude of the initial 
high-current components of lightning surges. However, it 
should be able to record the relatively long low-current 
component and give some information on the total dura- 
tion and number of components of strokes. Ordinary 
methods of automatic operation by mechanical relays 
require about one-half cycle to initiate. However, the 
crater-lamp oscillograph“ overcomes this difficulty. It uses 
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a light source consisting of a neon creater lamp, which ean 
be initiated by the transient in about 20 microseconds, 


15. Fulchronograph 


The cathode-ray oscillograph is the best instrument 
available from the standpoint of determining wave shape 
of transients, such as lightning surges. Its cost and com. 
plexity, however, limit its use in the field. Because of the 
variable character of lightning, it is important to obtain 
sufficient data to determine the statistical nature of itg 
properties. The klydonograph and surge-crest ammeter 
have provided data of this type on the magnitude and 
polarity of surge voltages and currents. The number of 
components, wave shape, and duration of surges are of 
even more importance, however, and if was with the view 
of gathering data on these properties of surges that the 
Westinghouse Electric Corporation®® developed a number 
of new recording instruments. The most important of 
these is the fulchronograph,* a device capable of measuring 
the wave shape and duration of the tail of current surges, 
but cheap enough, and simple enough in its operation to he 
used in large quantities in the field. 

The essential part of the fulchronograph is a slotted 
aluminum rotating wheel. In a “high-speed’’ fulchrono- 
graph, Fig. 20(a), the wheel turns at 3450 rpm, and in the 
“slow-speed,”’ at approximately 60 rpm. In the rim of 
each are 408 laminations of permanent-magnet steel nine 
mils thick, projecting from each side. The laminations 
pass between narrow coils, Fig. 20(b), through which flows 
the current to be measured. As a particular set of lamina- 
tions spans the gap between the coils, they are subjected 
to a radial magnetizing force proportional to the current at 
that instant. By measuring the retentivity or residual flux 
in the laminations it is possible to reconstruct a graph of 
the current as a function of time. The device functions in 
a manner similar to the surge-crest ammeter except that 
time has been introduced by the rotation of the wheel. 

By placing a high-speed and a low-speed fulchronograph 
together in series and running them continuously, greater 
wave detail and a longer period of time can be covered 
than by the use of either one separately. The high-speed 
unit in one revolution divides 17 000 microseconds into 
43-microsecond intervals, the low-speed unit in one revolu- 
tion divides one second into 1/400 second intervals. Mul- 
tiple-stroke discharges rarely last longer than one second, 
or have time intervals between strokes of more than 0.5 
second. These facts make it possible with the data pro- 
vided by the two wheels to resolve a surge into its multiple 
components and to obtain the wave shape and magnitude 
of each. 


16. Magnetic Surge-Front Recorder 


The principal disadvantage of the fulchronograph is it8 
inability to measure the high rates of rise of the front © 
the waves. Devices for measuring the maximum rate 0 
rise have been available for some time. As mention 
previously, the klydonograph can be used to indicate the 
maximum rate of rise on the front of lightning-current 
surges. Probably of greater importance than the ae 


_ *This name was obtained as a combination of the Latin word fulmen. ne e 
lightning, and the Greek word chronos, meaning time, and graphetn, mes 
write. 
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Fig. 20—Fulchronograph. 


(a) High-speed fulchronograph showing wheel. 

(b) Diagram of fulchronograph showing relation between one 
set of laminations and the coils on one side of the wheel. 
The other side of the wheel is the same, except that the mag- 
netic circuit is partially completed through iron. 


Mum rate of rise is the average rate of rise, such as can 
be defined by a straight line drawn through the two points 
Which are 10 percent and 90 percent of crest value. 

The magnetic surge-front recorder which, with a sche- 
Matic diagram, is shown in Fig. 21 is a device for record- 
'ng this property of lightning currents. It consists of three 
“reuits containing resistance and inductance having dif- 
“rent time constants. They are connected across an in- 
ductanee carrying the main surge current or a loop in- 
ductively coupled with the circuit carrying the main surge 
“Urrent, Magnetic links placed within the field of the 
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Fig. 21— Magnetic surge-front recorder. 


inductors of these three circuits serve to record their 
maximum currents tmez. The introduction of an appre- 
ciable time constant T, into these circuits prevents the 
currents in them from responding to instantaneous changes 
in the main current, thus substantially eliminating the 
effect of high-frequency oscillations in the front of the 
wave. If the resistors were not present, the current in 
the auxiliary coils at all times would be proportional to the 
rate of change of the main surge current and the maxi- 
mum current in them would be proportional to the maxi- 
mum rate of rise of current on the front of the main 
surge. 

When inductance is added to the auxiliary circuits, the 
maximum current in any one of them is proportional to 
the average rate of rise of the main surge current over a 
definite range. Three of these circuits are adequate to 
cover the desired range of time to reach crest. 


17. Magnetic Surge Integrator 


The magnetic surge integrator is a relatively simple and 
inexpensive device for recording the total charge or the 
integral of the current in a lightning surge. It consists 
essentially, as shown by the schematic diagram of Fig. 
22 (a), of a noninductive shunt that carries the main surge 
current, and across which an inductor is connected. 
Neglecting the resistance of the inductor, its current at 
any instant is equal to the time integral of the main surge 
current, and, if the surge is nonoscillatory, the final max- 
imum value of this current is the total integral of the main 
surge current. To cover a wide range, three magnetic links 
are placed at different points within the magnetic field 


556 


il 


MAGNETIC 
LINKS 


4000 t2000 
TIME = MICROSECONDS 


(b) 
Fig. 22— Magnetic surge integrator. 
(a) Schematic diagram. 
(b) Response curve. 


(a) : 


produced by the coil. The magnetic field that magnetizes 
the links is a function of the coil current. Thus from a 
measurement of the remanent magnetism in the links a 
record of the total charge in the surge is obtained. The 
effect of the resistance of the coil is to limit the time for 
which the response is an accurate measure of the integral 
of surge current. If two coils having different time con- 
stants are used it is possible, in addition to measuring the 
charge, to form some idea of the wave shape. The two 
time constants are adjusted so that one coil can measure 
accurately up to 10 000 microseconds (Fig. 22 (b)) and the 
other up to 300 microseconds. This type of integrator 
forms with the magnetic surge-front recorder and surge- 
crest ammeter, a good, inexpensive combination, espe- 
cially where power is not available. 
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Fig. 23—Photographic surge-current recorder. 


(a) Surge-current recorder with cover removed. 
(b) Typical record. 
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18. Photographic Surge-Current Recorder 

The photographic surge-current recorder® is an instry- 
ment which has been developed to record the multiple 
character of strokes and the continuing currents of ve 
low magnitude (below the 50-ampere sensitivity limit of 
the fulchronograph). The instrument is shown in Fig. 93 
with a typical record. It employs the principle of photo. 
graphing the luminosity produced by flow of the surge cyr. 
rent across a short gap. The film image is produced through 
a special aperture and set otf barriers so constructed that 
the light from the gap spreads in a non-uniform manner 
over the film perpendicular to its direction of motion. The 
barriers confine the image to a narrow wedge in the 
direction of film motion to enable high resolving power with 
time. The width and density of the image provide a meas. 
ure of current magnitude. As current is increased, the film 
density is saturated at increasing distances from the ceq.- 
ter axis (See Fig. 23). However, at a point just beyond thig 
region, the film density can be measured, which together 
with distance from the axis determines the current mag 
nitude. Current can be measured to an accuracy of about 
two to one, but over the very great range of 0.1 to 150 000 
amperes. The resolving power with time for the instru- 
ment is 600 microseconds. The film rotates one revolution 
per second; thus, time intervals between separate com- 
ponents can be measured for strokes having total dura- 
tions up to one second. 


Ill. FIELD STUDIES 


From the standpoint of the lightning performance of 
electrical systems the frequency of occurrence, as well as 
the magnitude and wave shape of the voltages and cur 
rents produced on systems, is important. 


19, Frequency of Thunderstorms 


Isokeraunic charts have been published showing the 
frequency of occurrence of thunderstorms throughout the 
United States. The total number of storm days (days on 
which thunder could be heard) to be expected each year 
in different parts of the country is shown in Fig. 24. The 
average number of storm days recorded each month over & 
40-year period is given in Fig. 25. The data for these 
charts for storms in the United States were obtained fora ~ 
period from 1904 to 1943 by the United States Weather | 
Bureau.” The storm days in Canada (Fig. 24) are based 
on isokeraunic charts published by W. H. Alexander.® 2°’ 

Examination of the yearly chart shows an average 
number of about 40 storm days per year for all of the - 
United States east of the Rocky Mountains. There are 
two pronounced centers of activity, the greatest in Florid 
with more than 90 storm days, the other in New Mexie 
with a maximum of about 60. The number of storms 12 
the Pacific Coast area is considerably lower, averaging 
from 3 to 10. i : 

The month of least storms in the United States is Dey 
cember, with the center of thunderstorm activity ove 
Louisiana and with some activity in the Gulf and South 
Atlantic states. For each succeeding month the storty 
activity increases throughout the country, spreading TaF 


idly in the southeastern states and reaching a peal | fol : 
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Fig. 24-Annual isokeraunic map showing the number of thunderstorm days per year. 


most of the country in July, when the number of storms 
per month for all but the Pacific Coast area has reached 
an average of about 9 storm days with a maximum of 
about 20 in South Florida and 18 in New Mexico. By 
August the number of storm days has started to decrease 
and in September it is rapidly decreasing. In the Pacific 
Coast region the activity is more nearly constant, but has 
a slight peak in July. 

Although these charts do not give an indication of the 
intensity, duration, extent, or number of storms occurring, 
they constitute the best data available. Also, a comparison 
of the data obtained by several investigations on the sea- 
sonal variation of the number of lightning disturbances 
produced on power systems in a given region with the 
number of storm days indicates fairly close agreement. 
That is, the relative number of system disturbances re- 
corded per month varies with the months in practically 
the same manner as the number of storm days per month. 
An example of this is shown in Fig. 26 for data on distri- 
bution-arrester discharge currents.“ However, the number 
of such disturbances varies widely from year to year and 
for systems in different regions, even though the isokeraunic 
levels of the regions are nearly the same. There are several 
reasons for this. The number of surges reaching arresters, 
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Fig. 26—Comparison between variance of disturbances 
®n systems (solid curve) and monthly isokeraunic levels; 
McEachron and McMorris*, 


transformers, and the like, of course, should depend to a 
great extent upon their density of installation and on the 
degree of shielding of the lines. 

There are also other important reasons. Both local topo- 
graphical and meteorological conditions appear to cause 
large localized variations in storm densities. In mountain- 
ous regions thunderstorms are generally of the heat or 
mountain type. Their formation depends on local meteor- 
ological and topographical conditions. Thunderstorms of 
the cold-front and warm-front types depend for their for- 
mation on the interaction of adjacent cold and warm air 
masses, which frequently cover hundreds of square miles. 
Their formation thus does not depend wholly on local 
topographical conditions. However, storms of this type, 
which are common to the East and Middle West, appear 
to follow more or less defined paths that do depend upon 
topographical conditions. Storms of this type sometimes 
follow rivers and valleys. 

For such reasons the number of lightning disturbances 
on any one system depends upon its location relative to 
local topographical conditions and prevailing storm paths. 
Thus, it is rather difficult to establish from data obtained 
on a limited number of systems mean figures for the num 
ber of electrical disturbances to be expected. The best 
available method seems to be to base such data on the 
isokeraunic levels and to give as many data as possible 
on the range of variance that these localized conditions 
might introduce. The isokeraunic level of 30 storms per 
year is commonly used for this basis. When considering 
data regarding the number of strokes to transmission lines 
or the number of surges produced on transmission lines, 
one is interested in the number per unit length per unit 
time. The common basis used here is the number per 
hundred miles of transmission line per year. However, for 
considering the lightning performance of such equipment 
as arresters and transformers, the number of disturbances 
should be based upon the number occurring per unit ot 
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ypparatus per unit time. In this discussion, surges in 
arresters or transformers are based on the number per 
single-phase unit per year. 


20. Surge- Voltage Measurements on Transmission 
Lines with the Klydonograph 


The first important field studies of surge voltages on 
transmission lines were begun in 1925 with 26 three- 
terminal klydonographs installed on 27 systems varying 
in voltage from 6.6 to 220 kv. Subsequently, other studies 
were begun in the United States.4*? Investigations also 
have been made in South Africa and Japan.* At the time 
these studies were started it was thought that induced volt- 
ages resulting from strokes in the vicinity of a transmission 
line were the primary cause of system flashover. 

In Figs. 27 to 30 are shown percentage distribution 
curves of the magnitude of lightning surges obtained from 
these studies. These curves give data on voltages that 
might be expected at a given point on a line caused by 
surges originating at different points along the line. The 
voltage is, of course, a function of the insulation level and 
the wave shape of the surge. The maximum voltage that 
has been recorded was 5 000 000 volts and was obtained by 
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Fig. 27—Klydonograph records of voltages produced by light- 
ning*”-*? on transmission lines of various voltage ratings, both 
with and without ground wires. 

Curves A apply to total lightning surges on lines without ground wires. 
Curves B apply to surges not producing outages on lines without 
ground wires. 

Curves C apply to total lightning surges on lines with ground wires. 


Pittman and Torok* with a cathode-ray oscillograph from 
a direct stroke to a conductor of a 110-kv wood-pole line 
Without ground wires. Examination of Figs. 27(a)—(d) 
shows that the voltage decreases with the voltage rating 
of the line. This probably results primarily from the re- 
duction of insulation strength with reduction of operating 
Voltage. The klydonograph studies indicated that most 
Surges on lines were unidirectional and of positive polarity 

The data in Sec. 27 relating to the currents in lightning 
Strokes indicate that about 90 percent of all strokes to 
ground lower negative charge to earth. Such negative 
Strokes produce negative voltages on a transmission line 
if they strike the line directly but induce positive surges 
if they strike in the vicinity of the line. In spite of the 
Predominance of the recorded positive voltages, it does 
ot follow that the surges produced on the line at the 
Point of origin are predominantly positive. The recording 
characteristics of the klydonograph and the attenuation 
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Fig. 28— Klydonograph records of voltages produced by light- 

ning on a particular 120-kv 148-mile line before and after 

installation of a ground wire. Ordinates in (b) and (c) give 

numbers at a three-phase station. Curves A, B, and C are 
defined in Fig. 27. 


characteristics of the surges probably affect the conclusions. 
Most of the available data on polarity were obtained with 
the normal-type klydonograph having but one element for 
each voltage measurement. For positive polarity the lower 
range of sensitivity is slightly above the normal crest line- 
to-ground operating voltage. But for negative polarity 
the lower range of sensitivity is two or three times this 
magnitude. Thus negative surges of low magnitude were 
not recorded. Most direct strokes to lines without ground 
wires produce flashover resulting in chopped and some- 
times oscillatory waves. Short-tail waves are attenuated 
much more rapidly than long-tail waves. Available data 
indicate that negative waves of this type are attenuated 
to voltages below the recording range of the klydonograph 
in4or5 miles. Positive surges of longer duration, however, 
may propagate 15 or 20 miles before decreasing below the 
recording range of the klydonograph. Therefore the dis- 
tance from which positive surges can originate and still 
be recorded is three or four times as great as for negative 
surges. Consequently the number of positive surges re- 
corded should be proportional. 
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Fig. 29— Amplitude and frequency of surge voltages measured 
by Rokkaku on the Inawashiro lines in Japan*, 
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Fig. 30—Lightning surge voltages recorded by Halperin aud McEachron” on 4-kv overhead 
circuits of the Commonwealth Edison Company. 


Another factor that may color the results drawn from 
data of this type is that sometimes switching surges resulting 
from the lightning disturbance were recorded instead of the 
actual lightning surge voltage. However, all switching sur- 
ges that were known to be such are excluded from the data. 


21. Frequency of Occurrence of Lightning Surge 
Voltages 


The number of lightning surges recorded at any one 
three-phase klydonograph station per year in the studies 
conducted in the eastern part of the United States varied 
from 15 to about 100 for lines rated from 33 to 220 kv. 
These lines were situated in regions having annual iso- 
keraunic levels from 25 to 40. The instrument stations 
were located at the ends of lines, and since surges originat- 
ing at distances in excess of 20 miles are attenuated below 
the recording range of the klydonograph the foregoing data 
result in estimates of from 75 to 500 surges per 100 miles of 
line per year. As shown in Sec. 28 by studies with magnetic 
links,*> the number of direct strokes to be expected to 
lines in this class in regions of this isokeraunic level is from 
50 to 250 per 100 miles of line per year, with an average 
of about 100. Thus the klydonograph data indicate that 
approximately half of the significant surges are produced 
by direct strokes. Since those strokes that induce voltages 
are about equal to those that strike the line, and since 
the line attracts strokes only from within a narrow band 
adjacent to it, then those indirect strokes that produce 
surges must strike the ground close to the line. This has 
been verified® by a stroke observed to have struck ground 
200 feet from a transmission line of the Public Service 
Company of New Jersey and 1600 feet from a lightning- 
recording station on the line. No surge voltage was recorded 
in this case, although klydonographs and a cathode-ray 
oscillograph were in operation at the time to record voltages 
on the phase wires. 

In general, induced voltages, since they seldom exceed 
500 kv, rarely produce outages on 66-kv or higher-voltage 
lines. As the operating voltage of the line decreases the 
insulation also decreases and induced voltages may produce 
outages. 

In Fig. 29 are shown data obtained in Japan® on a 
154-kv line. Because of the lower limit of sensitivity of 


the instruments and the variance of this with polarity, 
it is likely that the data below the first peaks for both 
polarities are questionable. 

Fig. 30 shows curves of voltages obtained on both rural 
and urban 4-kv circuits of the Commonwealth Edison 
Company.” These curves indicate that voltages over about 
200 kv seldom occur on urban circuits which are much 
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petter shielded than the rural circuits where the upper 
limit of voltages appears to be about 500 kv. Curves also 
are plotted in this figure showing the probability of surge 
voltages of different magnitudes reaching transformers. 


22. Surge-Voltage Measurements on Transmission 
Lines with the Cathode-Ray Oscillograph 


Studies with the cathode-ray oscillograph of voltages 
produced on transmission lines were begun in 1928. The 
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Fig. 32—Cathode-ray oscillogram of highest voltage recorded 
on a transmission line;* 110-kv wood-pole line of Arkansas 
Power and Light Company; no ground wire. 


relatively few oscillograph stations that could be estab- 
lished did not permit of obtaining many records. In addi- 
tion, interpretation of the records was difficult because 
of the influence of such unknown factors as propagation, 
distortion, and reflection. However, some valuable quali- 
tative and quantitative information has been obtained 
from these studies. Some of the more important oscillo- 
grams are shown in Figs. 31 to 37. 

In Fig. 31 are seven oscillograms obtained in the West- 
inghouse studies.°* All were obtained on steel-pole lines, 
most of which had ground wires, and the surges originated 
at appreciable distances from the recording equipment. 
They indicate fronts of from two to seven microseconds 
and rates of voltage rise as high as 270 kv per microsecond. 
For comparison, an approximate standard 114%40 test 
wave is also plotted. The surges of larger magnitude have 
tails conforming closely to that of the standard wave. 

The surge of highest voltage recorded on a transmission 
line is shown in Fig. 32. It occurred on a 110-kv wood-pole 
line without ground wires of the Arkansas Power and Light 
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Fig. 33—Oscillogram of lightning surge voltage measured at 
point of origin®. 
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Fig. 34—Group of cathode-ray oscillograms of line voltage 
taken on the Wallenpaupack line®, 


(a) First cathode-ray oscillogram of a lightning surge on a trans- 
mission line. The oscillations were caused by flashover on an 
adjacent phase. 

(b) Dead-end protective gaps flashed over on all three phases, 
causing a sharp change in voltage from 1260 kv negative to 310 
kv positive in one microsecond. Flashover took place on front 
of wave. 

(c) Record obtained while line was not energized. Voltage was 
still rising at the end of 36 microseconds and was then sud- 
denly reduced to zero. Subsequent examination of the line 
indicated a flashover 23 miles away, which appeared to cor- 
relate with this oscillogram. 

(d) The slightly oscillatory nature of this oscillogram is typical of 
a large group of waves. A cloud-to-ground stroke, at least ten 
miles distant from the Yaboratory and some distance from the 
line, was seen at the instant this record was obtained. 


Company.™ The oscillograph was located about four miles 
from the point where the line was struck, and flashover 
occurred. This voltage wave has a maximum rate of rise 
of 4000 kv per microsecond. 

In Fig. 33 is shown the only oscillogram obtained from 
a direct stroke close enough to the recording equipment 
that the wave shape before flashover occurred is not dis- 
torted by propagation. This oscillogram was obtained by 
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Bell and Price® on a section of a 220-kv steel-tower line 
without ground wires of the Pennsylvania Power and Light 
Company. Flashover occurred 125 feet from the oscillo- 
graph on the phase to which it was connected, an outer 
conductor of a horizontal single-circuit configuration. The 
insulation level of the line is about 1300 kv and the voltage 
reached 2800 kv before flashover took place. The interval 
between the time when the voltage was high enough to 
operate the oscillograph and flashover occurred was about 
six microseconds. 

The front of this surge is interesting. The voltage rose 
relatively gradually for more than three microseconds to 
about 500 kv. It then increased much more rapidly to 
the flashover voltage in about two microseconds, with an 
average rate of rise in this interval of about 1300 kv per 
microsecond. The relatively slow portion of the front is 
probably voltage produced before contact of the stroke 
to the phase wire by the advancing stroke leader. Upon 
contact of the stroke the voltage rose rapidly until flash- 
over took place. The nature of the front of the voltage 
wave produced on phase wires is probably influenced by 
ground wires. For lines with ground wires the initial slow 
component of the front will not be so marked. 

In Fig. 34 is shown a group of oscillograms obtained by 
the General Electric Company." Fig. 34(a) is of interest 
because it is the first cathode-ray oscillogram obtained of 
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Fig. 35—Group of cathode-ray oscillograms of lightning volt- 
age on transmission lines obtained by George and Eaton®. 


a natural-lightning transient. Figs. 34(b)—(d) are typical 
of the three groups into which the 16 oscillograms exceed- 
ing 300 kv recorded by Smeloff and Price®! may be classified. 
Figure 34(b) is typical of records in which flashover occurs 
close to the recording equipment; Fig. 34(d) of voltages 
too low to cause flashover, but which are distorted by both 
propagation and negative reflections. The reversal of volt- 
age is caused by such reflections, and the sloping off of the 
front results from propagation and reflections. 

Fig. 35 shows a group of oscillograms published by 
George and Eaton.® They all are of relatively low volt- 
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Fig. 36—Cathode-ray oscillogram of voltage due to natural 
lightning showing effect of propagation and reflections®®, 


age and of surges originating quite a distance from the 
oscillograph station. 

An interesting oscillogram which shows the effect of 
reflections is given in Fig. 36. This record®® is of the 
voltage on a phase wire induced by a stroke to another 
phase wire and three miles from the oscillograph station. 
The wave front increased at a rate of 143 kv per micro- 
second to a magnitude considerably beyond the oscillo- 
graph range. At approximately 12 microseconds flashover 
occurred to the adjacent conductor reducing the voltage 
on the conductor to which the oscillograph was connected. 
The recorded voltage rose to 1000 kv after which it decayed 
to 600 kv in 55 microseconds. At this time the negative 
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Fig. 37—Cathode-ray oscillogram of voltage due to natural 
lightning which shows the prolongation of the disturbance as 
a result of successive reflections®. ' 


reflected wave arrived from the far end of the line, a dis- 
tance of eight miles from the oscillograph, where it had 
flashed over a noninductive resistance, thereby modifying 
the original tail of the wave as shown. This illustrates the 
typical effect of reflection on the tail of the wave. 

These cathode-ray oscillograph studies led to the conclu- 
sion that the original voltage produced by the lightning 
stroke does not persist longer than 200 microseconds, but 
that successive reflections from different parts of the sys 
tem may spread the disturbance out to as much as severa 
thousand microseconds. Fig. 37 shows oscillograms illus- 
trating this effect obtained by Bell and Price. The long- 
duration low-current components of lightning surges, later 
found to be present, were not recorded. However, they are 
not important from the standpoint of voltage insulation. % 


23. Current Measurements 


While the voltage on a transmission line is fundamental 
in determining whether an insulator string, gap, OF arrester 
flashes over, it is difficult to determine what the voltages, 
would be on the line if the insulation did not fail. Howevel 
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currents are not influenced to as great an extent by flash- 
overs. In addition, currents are important in their bearing 
on the mechanical stresses and thermal effects set up in 
protective devices and other equipment. For this reason 
most of the investigations during the past 17 years have 
been devoted to the determination of the current char- 
acteristics of lightning strokes. These investigations can 
be given three classifications: 
(a) Strokes to Open Ground and Tall Buildings. 
These comprised the following investigations: 


1. Schonland, Malan, Hodges, and Collens®-" in South 
Africa who studied the mechanism of lightning with the Boys 
camera and by measurement with the cathode-ray oscillograph 
of the electric field produced by strokes. 

2. Stekolnikov and Valeev™ in Russia who measured, with 
the cathode-ray oscillograph and high-speed rotating klydono- 
graph, currents in strokes to captive balloons flown to altitudes 
between 500 and 800 meters and voltages induced in a short 
horizontal antenna by strokes to ground. 

3. McKachron!!® who measured currents in strokes to the 
Empire State Building in New York, N. Y., with the cathode- 
ray and crater-lamp oscillographs and the surge-crest ammeter. 

4, Norinder®™ in Sweden who measured with the cathode-ray 
oscillograph the magnetic fields produced by lightning-strokes. 

5. Wagner, McCann and Beck**»®* who measured with the 
fulchronograph, magnetic surge-front recorder, surge-crest am- 
meter, and magnetic surge integrator, the currents in tall objects 
of different heights. 


(b) Strokes to Transmission Lines. These include the fol- 
lowing investigations made with the surge-crest ammeter: 


6. Lewis and Foust®® who measured surge currents in trans- 
mission-line towers, ground wires, counterpoises, and tower 
masts. 

7. Waldorf and Hansson®*:87 who measured surge currents in 
tower legs. 

8. Bell®68 who measured currents in tower legs and cross 
braces and in counterpoises. 

9. Grunewald® in Germany who measured current in towers. 

10. Rokkaku and Katoh*-” in Japan who measured currents 
in tower legs and ground wires. 

11. Andrews and McCann** who measured surge currents on 
wood-pole lines. 


In addition to the foregoing are the following investigations 
made with other instruments: 


12. McEachron™ who measured with the crater-lamp oscillo- 
pope currents discharged by protector tubes on transmission 
ines. 

13. Berger” in Switzerland who, besides measuring trans- 
mission-line tower-leg currents with the surge-crest ammeter, 
recorded their maximum rate of rise with klydonographs induc- 
tively coupled with the tower legs. 


(c) Arrester Discharge Currents. The following investi- 
gations were made with surge-crest ammeters: 


14. McEachron and MeMorris‘* who measured discharge cur- 
tents in distribution arresters on 120- to 20 000-volt systems. 
_ 15. Gross and MeMorris” who measured discharge currents 
In station-type arresters on 11- to 132-kv systems. 

16. Grunewald” in Germany who measured arrester currents 
On systems from 6 to 100 kv. 


Tn addition to the foregoing are the following investigations 
made with other instruments: 
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17. Collins® who used paper-gap recorders to measure dis- 
charge currents in arresters on a 24-kv system. 

18. Wagner, McCann, Bowen, and Beck®*-8*® who measured 
the discharge currents in arresters by means of the fulchrono- 
graph, magnetic surge-front recorder, magnetic-surge integrator, 
and surge-crest ammeter. 

19. Gross, McCann, and Beck® who measured discharge cur- 
rents in arresters by means of the cathode-ray oscillograph, 
fulchronograph, magnetic surge-front recorder, and surge-crest 
ammeter. 


24. Multiple Character of Strokes 


In Figs. 38 to 40 are plotted curves giving statistical data 
on the number of components, the time intervals between 
them and the total duration of strokes. These curves 
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Fig. 38—Percentage distribution curves of the number of 
components in lightning strokes. 
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represent data on strokes of three general types: (1) strokes 
to power systems as given by the protector-tube and ar- 
rester data; (2) strokes to open country as given by the 
photographic records and the data on induced voltages; 
(3) strokes to tall objects. With regard to number of com- 
ponents and total duration, there is a fair check between 
the curves of each type, but there are important differences 
between the types. More components and longer durations 
are recorded for strokes to tall objects. This is probably 
because tall projections from the earth affect stroke mech- 
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Fig. 39—Percentage distribution curves of time intervals be- 
tween the beginnings of successive components of multiple 
lightning strokes. 


anism and cause strokes to them to differ in character 
from those to ground or to lower objects. Tall objects 
should influence a greater region of the thundercloud and 
thus tap more charge centers, causing strokes to have more 
components and longer durations. Of practical importance 
is the indication that the records to power systems have 
fewer components and shorter durations. This results 
probably from the diminution of the surge current by the 
following causes: (1) All of the direct-stroke current is not 
likely to pass through a protective device because more 
than one may operate, thus dividing the current, or flash- 
overs may occur on the lines thereby limiting the discharge 
current; (2) the protective device may be operated by 
attenuated surges from strokes to the system at remote 
points; (3) the protective device may be discharged by 
induced surges. Thus some of the smaller components of 
current may have been reduced to such an extent that they 
are below the recording range of the instruments, or have 
voltages associated with them below the operating voltage 
of the protective device. Arresters and other terminal 
equipment are therefore exposed to less severe duty than 
is indicated by the results from direct strokes or strokes to 
open country. Only about a third of power-system surges 
are multiple and the maximum number of components 
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Fig. 40—Percentage distribution of total duration of lightning 
strokes. 
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recorded is 10. From one-half to two-thirds of the strokes 
to open country are multiple and as many as 40 components 
have been photographed.?° 

Fig. 39 indicates time intervals as high as 0.5 second 
between components. In Fig. 39(b) the basis of 100 percent 
was taken at a time interval of 0.01 second as the resolving 
power of some of the measuring instruments did not extend 
below this time. Only about a sixth of the intervals are 
less than one-half cycle of 60-cycle frequency. 


25. Crest Magnitude of Currents 


Extensive studies have been made both in the United 
States and abroad with surge-crest ammeter links on trans- 
mission lines and in ground leads of lightning arresters. 
Most of the measurements on transmission lines have been 
of currents in the legs of towers, although they have also 
been made of currents in ground wires, phase wires, 
counterpoise wires, and masts mounted on top of towers. 

Transmission-Line-Tower Currents—Thecurvesof 
Fig. 41, showing the magnitude of currents in transmission- 
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Fig. 41—Percentage distribution curves of tower currents for 
strokes to transmission lines. 


line towers, were compiled only from the currents in the 
tower thought to be close to the terminating point of the 
stroke or the tower carrying the most current. The char 
acter of the curves is influenced by the minimum current 
that could be measured due to the sensitivity limit of the 
links and the minimum different investigators thought it 
advisable to include in their data. These minimum values 
affect both the point regarded as 100 percent on the 
ordinate and also the shape of the curve. The minimum 
tower currents included in the data of Hansson and Wal- 
dorf’? were about 2400 amperes for Bell®* and Grunewald® 
about 5000 amperes, and for Andrews and McCann® about 
600 amperes. The curves of Lewis and Foust® comprise 
some of the data of Waldorf and Bell plus data obtained 02 
other lines in the United States. However, 5000 amperes. 
was the minimum considered by them. % 
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Before drawing any conclusions from these curves it is 
well to consider their probable accuracy. The majority of 
the magnetic-link measurements of steel-tower currents 
were made on only one leg of the tower, the total current 
being assumed to be this measurement multiplied by the 
number of tower legs. Records obtained with links on all 
tower legs indicate that frequently currents are not equally 
distributed. Data obtained by Waldorf, shown in Fig. 42 
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Fig. 42—Deviation from equal division of lightning current in 
tower legs, as obtained by Waldorf from 209 records. 


indicate the mean deviation of an individual tower leg from 
the mean of the four supporting legs. This deviation ap- 
pears to decrease as the sum of the four tower-leg currents 
increases, being about ten percent above 40 000 amperes. 
Factors that might cause such discrepancies are dissym- 
metry in the counterpoise or other type of grounding or 
in the tower itself. These factors might even result in 
differences in wave shape of the component currents. In 
addition, there are the possible errors of the recording 
equipment, particularly at low currents. It is probable, 
however, that some of these effects are minimized by the 
quantity of data making up the statistical averaging of 
several hundred records. 

Data obtained by Bell®? who also measured the currents 
in the tower cross braces show that appreciable current 
flows in them. His results indicate that a correction factor 
varying from 1.64 to 2.75, with a mean of about 2, should 
be applied to the towér-leg current readings for his records. 
Lewis and Foust® say that from 30 to 100 percent of the 
main leg currents flowed in the cross braces. 
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Fig. 43—Relation between total tower lightning current and 
Sum of main tower-leg currents in transmission-line steel 
towers. 
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Rokkaku” and Schahfer and Knutz’5 made studies in 
which they measured the main leg currents and the differ- 
ence between the ground-wire currents on each side of 
the tower. Assuming this difference to be the total tower 
current gives an indication of the discrepancy between 
the total tower current and the sum of the leg currents. 
Their results are summarized in Fig. 43, which indicates 
that this correction factor should increase with the magni- 
tude of the tower current. The curves of Fig. 41, so far 
as the authors are aware, do not take this correction factor 
into consideration and are plotted simply as the sum of 
the four tower-leg currents. 

Direct-Stroke Currents—Fig. 44 gives percent dis- 
tribution curves for direct strokes as a function of the 
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Fig. 44—Percentage distribution curves of lightning-stroke 
currents. 


crest magnitude. Curves 1 to 3, which are for strokes to 
transmission lines, were obtained by adding the tower-leg 
currents in all the towers thought to be involved in the 
stroke. Errors introduced by this procedure are the follow- 
ing: First, the sum of the tower-leg currents may be less 
than the total tower current; second, the effects of more 
than one stroke might be involved in summing the currents 
of different towers; and, third, because of distortion as the 
result of reflection from other towers, the sum of the crest 
currents at the towers will not equal the stroke current. 
The first item tends to indicate a low value of stroke 
current, and the second and third a high value. Rokkaku 
in comparing the results of stroke measurements obtained 
by summing the ground-wire currents on both sides of the 
terminating point of the stroke with the results obtained 
by summing the tower currents found that the two agree 
where the correction factor of Fig. 43 is included. Their 
Curve 4 of Fig. 44 takes this factor into consideration. 
However, Lewis and Foust in data presented in Fig. 45 
showed substantial agreement between stroke currents and 
sum of tower currents without including the correction 
factor of Fig. 48. The effect of this factor may be reflected 
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Fig. 45—Lewis and Foust® stroke-current curve compared 
with currents from lightning-rod measurements (circles) and 
overhead ground-wire measurements (triangles). 


in the comparison between Curves 1 and 4 of Fig. 44, in 
that Rokkaku’s is greater than Lewis and Foust’s. 

Fig. 44 also contains data relating to strokes to tall 
objects, that of McEachron being to the 1250-foot Empire 
State Building in New York, N. Y. The curve of McCann 
represents data to objects of varying heights all of which 
are considerably lower. Neither of these curves involves 
the errors discussed previously as the total stroke current 
passed through a single conductor. A comparison of Mc- 
Eachron’s curve data with those of strokes to transmission 
lines indicates a much greater proportion of currents of 
low magnitude. This may be caused partly by the higher 
sensitivity of McEachron’s instruments but more likely by 
the difference in mechanism of strokes to tall objects and 
the influence of tall projections from the earth in producing 
premature initiation of discharges. 

Curve 8 of Fig. 44 was calculated by Norinder from a 
knowledge of the magnetic field disturbance produced by 
a stroke to open ground. An evaluation of the accuracy 
of this curve is difficult because it involves an assumption 
as to the stroke mechanism, distance to stroke, and direc- 
tion and length of stroke path. 
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Fig. 46— Percentage distribution curves of crest magnitude of 
individual components of surge currents. 
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The direct-stroke curve of Fig. 46 gives the percent 
distribution of the crest magnitude of the individual com. 
ponents of direct strokes to objects varying in height from 
300 to 585 feet. A comparison of this curve with Curve 7 
of Fig. 44 shows a larger proportion of small currents for 
the former. This is because only the maximum components 
of the multiple strokes were included in Curve 7 of Fig. 44, 
The curves of Fig. 46 are probably more representative of 
conditions for judging arrester performance. 

Crest currents as high as 220 000 amperes are indicated 
for strokes to lines. However, since these were obtained by 
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Fig. 47—Percentage distribution curves of discharge currents 
in lightning arresters. 
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adding currents in several towers they may be high. The 
highest current definitely known to have occurred some- 
what exceeds 160 000 amperes, recorded at the Westing- 
house recording station on the 585-foot smokestack of the 
Anaconda Copper Mining Company in Anaconda, Mont. 

Arrester Currents—Crest magnitudes of arrester dis- 
charge currents, summarized in Fig. 47, are considerably 
smaller than those occurring on transmission lines. Those 
jn station arresters, in general, are smaller than those 
occurring in distribution arresters. The maximum crest 
current measured in station arresters is 15 000 amperes and 
in distribution arresters approximately 30000 to 40 000 
amperes. The latter figure has been estimated since the 
maximum range of the recording instruments was 25 000 
amperes. Other data pertinent to the magnitude of arrester 
discharge currents are discussed later. 


26. Charge 


Wilson’ has estimated that the average charge lowered 
by a discharge to open ground is from 10 to 50 coulombs. 
Vig. 48 gives data on charge for strokes to the Empire 
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Fig. 48—-Frequency of occurrence of stroke charge as meas- 
ured by McEachron,® based largely on low-speed oscillo- 
graphic data. 


State Building by McKEachron, which indicate values in 
excess of 160 coulombs. In the investigations of Wagner, 
McCann, and Beck® charges in direct strokes to tall objects 
of lower height ranged from 4 to 60 coulombs. Probably 
on the average the charge lowered increases with the height 
of the object. Charges exceeding one coulomb were found 
to be rare for arrester service. 


27. Polarity 


Direct strokes of a given polarity produce surges of the 
same polarity, but induced surges are of opposite polarity. 
Schonland, Hodges, and Collins!” state that all their electric 
field measurements indicated negative-polarity strokes; 
that is, they lowered negative charge to ground. All 58 
Strokes recorded to the Empire State Building were initially 
hegative; only 3 of the 27 recorded with the crater-lamp 
oscillograph reversed their polarity. Of the 12 direct strokes 
recorded by Wagner, McCann, and Beck® all were initiated 
by negative discharges. Only two had subsequent positive 
Components, 

Lewis and Foust* state that 7 percent of their records 


Lighining Phenomena 


567 


of strokes to transmission lines were of positive polarity, 
while Waldorf® found 18 percent and Grunewald, 14 per- 
cent. Waldorf’s figure may be higher than the others be- 
cause his data comprised lower currents. If this is true, a 
higher percentage of the lower-magnitude currents should 
be positive. This is borne out in the curves of Fig. +9 
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Fig. 49—Percentage distribution curves of positive surges as a 
function of current magnitude. 


plotted from Waldorf’s and Grunewald’s data showing the 
percentage of total positive currents as a function of mag- 
nitude. At the minimum of 1000 amperes Waldorf’s data 
show that about 35 percent of the records are positive, and 
Grunewald’s, with a minimum of 5000 amperes, show 
about 24 percent. 

Possibly currents as great as 5000 or 10 000 amperes can 
be produced in towers by induced strokes, and they may 
be the cause of the higher percentage of positive records 
in the lower current range. 

The studies of McEachron and McMorris show that 63 
percent of all their records of currents in distribution ar- 
resters are negative and 37 percent positive, while Gross 
and McMorris found that for the station arresters 88 per- 
cent were negative and 12 percent positive. The curves 
of Fig. 49 plotted from these data show that for station 
arresters, the polarity is independent of current magnitude 
while for distribution arresters the number of positive 
discharges decreases with increase in current magni- 
tude. 

It is interesting to compare these results with the voltage 
measurements made on 4-kv distribution circuits by Hal- 
perin and McEachron, the results of which are shown in 
Fig. 30. If these voltages had appeared across 4-kv arresters 
with an impulse breakdown voltage of about 40 kv, the 
voltage curves for urban circuits indicate that 22 percent 
of the arrester discharge currents would have been positive, 
and the curves for rural circuits indicate a figure of about 
35 percent. If these voltages had appeared on a 20-kv 
circuit with arresters having an impulse breakdown voltage 
of about 75 kv, no positive discharge currents would have 
been produced by the urban circuits and 27 percent would 
have been produced by the rural circuits. The increase in 
positive discharge currents recorded in distribution arrest- 
ers probably is due to induced surges. Quite likely they are 
greater on the lower-voltage circuits, and greater the 
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TABLE 1— DATA ON STROKES TO LINES OF THE PENNSYLVANIA 
WATER AND POWER COMPANY®.7 


Recorded Strokes 
Length Strokes | Per 100 Miles* 
Line in Year 
Miles In ; Aver-| In | Aver- 
Year| age | Year age 
1935 | 115 4...... 125 
1986 | LO8 j...... 118 
Safe Harbor-Westport- 1937 | 87 |...... 95 
Takoma, 220 kv....} 91.8 |! 1938 by a eee 59 
1939 | 118 |...... 129 
Paar eee: 96 |...../105 (95) 
Safe Harbor-Riverside, 1988 | 46 ]...... 91 
220 kv... 50.5 4519389 | 45 |... 89 
Sik a 46 |.....| 90 
31.5 | 1935 | 27 ]...... 86 | 
31.5 | 1986 | 691... 219 | 
Safe Harbor-Perrys-(}31.5 | 1987 | 44 ]...... 140 
ville, 182 kv........ 33.8 | 19388 | 56 ]...... 166 
33.8 | 1939 | 53 /...... 157 
otis lente | a2 8 ak 50 [.....|154 (185) 
19386] 31 ]...... 136 
19387 | 41 |...... 180 
Holtwood-York, 66 kv.| 22.8 |) 1938 18% [occas 66 | 
1989 | 22 ]...... 97 | 
adele ae 27) «|.....1120 (119) 
1936 | 30]...... 102 
Il1oltwood-Coatesville, 1937 | 25 ]...... 85 
BO kV. ee 29.4 14 1938 68 |...... 232 
19389; 45 ]...... 153 
Screen) beanie 42 [...../143 (123) 
Holtwood-Baltimore, |{ 40 
66 kv (2 lines) and|| (of 
Philadelphia Road-|j right-|}1939 | 66 | 66 165 |165 
Gunpowder, 110 kv..|| of- { 
way) | 
Weighted average for all lines through 1939 is 120 strokes per 100 mile-years 


having magnitudes giving tower currents in excess of 2400 amperes. 

*Figures in parentheses are averages extending through 194287 and represent 1364 
mile-years of experience. 

System average strokes per 100 miles of line per year is 113 for five observed 
lines totaling 1617 mile-years of experience. 


more exposed the lines, thus permitting higher magnitudes 
of induced surges. 


28. Number of Strokes to Transmission Lines 


Of particular importance in evaluating lightning per- 
formance of a transmission line is knowledge of the prob- 
able number of strokes to it. Hansson and Waldorf®.87 
present valuable data on this subject from surge-crest am- 
meter studies on lines of the Pennsylvania Water and 
Power Company with voltage ratings ranging from 66 to 
220 kv, as magnetic links were placed on every tower. 
These data for the first five years aresummarized in Table 1 
and show a maximum variance in the number of strokes 
per 100 miles of line per year of from 59 to 232. The max- 
imum variance for any line over the eight-year period 
studied®? was from 48 to 232 and the variance of the aver- 
age for each line over the eight-year period was from 95 to 
135 strokes per 100 miles per year. The weighted average 
of the data according to length of line and years considered 
is 113. These lines are located in a region with annual iso- 
keraunic levels from 35 to 40. Converting the figure of 
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U 
TABLE 2—OuTAGES DUE TO LIGHTNING FOR LINES WITHOUT 
GROUND WIRES 


FT oT To 8 
Outages -* 
Years | Total} Per 109 € 
ee Kv pit Cov- | Out- | Miles 
ered | ages Per 
Line- 
Year 
ee 
Interstate Power Co., 
Clinton-Dubuque®....; 66 54 6 | 277 87 
Pa. Water & Power Co., 
Holtwood-York??..... 66 23 AL) 213 84 
Various lines in United 
States and Canada* 
16-A, wood.......... 110 79.4 Gini S 24 
20-A, steel........... 140 148.0 TOM hsrsccaies 5.6 
23-BB, wood.........| 132 39.8 | eee 37.2 
31-B, steel... 0.0.0... 132 111.0 Vali aS 0 
34-K, steel...........) 110 38.3 CU Peepercee 61 
34-0, steel........-.. 110 | 104.5} 10]...... 22.8 
Steel®. we eee Above}} 673 1929 |...... 21 
100 560 1930 }...... 14 
Wood®,............05. 60-100 394 1929 |...... 26.6 
Steel®. 0.0.0... . 00008. 60-100 481 1929 |...... 23.5 
738 1930 |...... 25.9 
Wood®................ 30-— 60)/3 475 1929 |...... 34.6 
420 1980 |...... 30.4 
Steel®...0 0. eee 30- 60 165 1929 |...... 17.6 
128 1980 |...... 14.2 
Pa. Power & Light Co., 
steel®™ 00. we. 220 41 (eee 25 


6?For numbered references see list at end of article. 
*See Table 1 of the Appendix. 


113 to the conventional standard isokeraunic level of 30 
results in 97, or about 100 strokes per 100 miles per year. 
Additional information is provided by available light- 
ning outage records of lines without ground/wires. Data 
of this nature are summarized in Table 2. The lines listed 
in this table are in regions with annual isokeraunic levels 
ranging from about 30 to 55, and the data give outages 
varying from 15 to 87 per 100 line-miles per year, with an 
average weighted according to length of from 30 to 35. 
All strokes to lines do not produce flashover, and all 
flashovers do not produce outages. Data published by 
Bell®? indicate a ratio of 1.5 between the number of strokes 
producing flashover and those producing outage on the 
portion of the 220-kv Wallenpaupack-Siegfried line of the 
Pennsylvania Power and Light Company that does not 
have ground wires. Information supplied by I. W. Gross 
on the 132-kv lines of the American Gas and Electri¢ : 
Company (which have ground wires) indicates a ratio of « 
1.27. This ratio probably varies with the system, being 
higher the longer the flashover path and the lower the fault 
current. An estimate of the number of strokes producing 
flashover on a given line without ground wires can be 
obtained from, say, Curve 3 of Fig. 44, together with 4 
knowledge of the surge impedance of the line and its 1% 
sulation level. The voltage produced by a stroke to a phasé 
conductor should be equal to the product of one-half the 33 
stroke current and the surge impedance of the conductors 
Estimates of the probable mean ratio between outages an. i 
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STROKES TO LINE iN PERCENT OF THOSE TO 
ALINE WITH 100 FOOT TOWERS 


TOWER HEIGHT IN FEET 


Fig. 50—Probable variation of strokes to line as a function of 
height.” 


strokes to lines without ground wires for the lines listed in 
Table 2 indicate a mean value for strokes to lines of about 
60 per 100 line-miles per year. This is, of course, only an 
estimate, and probably the figure of 100 based on Waldorf’s 
data should be used in a region of isokeraunic level of 30. 

Lightning-performance studies of lines made in the lab- 
oratory with models by Wagner, McCann, and MacLane’ 
indicate that the number of strokes to the line is a function 
of tower height as shown in Fig. 50. However, no such 
trend is shown in Waldorf’s data. This is probably because 
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Fig. 51—Probability curves of crest currents in lightning 
strokes to transmission lines. 


“Based on 100 strokes to line per 100 miles of line per year. 
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other factors such as line locations cause a greater variance. 
Thus the average value of 100 should apply to all practical 
values of tower height. 

It is then possible to plot Waldorf’s percentage distri- 
bution curve in Fig. 44 as a probability curve giving the 
number of strokes of a given magnitude to be expected. 
This is shown in Fig. 51 with the corresponding curve of 
Lewis and Foust which is Curve 1 of Fig. 44. The prob- 
ability curve used by Harder and Clayton” for estimating 
line performance is also given in Fig. 51. This curve is 
essentially based on the data published by Waldorf® except 
that it has been modified slightly in the high-current re- 
gion. The data of this figure are on a line basis and not a 
circuit basis; the number of strokes to a line is independent 
of the number of circuits comprising it. 


29. Number of Surges Discharged by Lightning Ar- 
resters 


Fig. 52 shows curves compiled from the data of Gross 
and MecMorris” and McEachron and MeMorris* on the 
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Fig. 52—Curves showing number of surges of given magni- 
tudes that arresters discharge per year. 


31.7% OF ARRESTERS HAD NO DUTY 


PERCENT HAVING AT LEAST AS 
6 


MANY SURGES AS GIVEN BY ABSCISSA 


MAXIMUM DUTY 3.84 


& 


1 2 3 4 
NUMBER OF SURGES PER SINGLE 
PHASE ARRESTER PER YEAR 


Fig. 53—Distribution of duty on station arresters; data from 
Gross and McMorris® on 85 three-phase banks for four-year 
period. 
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Fig. 54—Duty on individual arresters from data obtained by 
McCann and Beck. 


expected number of surges of a given magnitude to be 
discharged per single-phase arrester per year. The curves 
indicate an average of 0.8 surge exceeding 300 amperes for 
station arresters, but only 0.4 for all distribution arresters. 
Rural distribution arresters experience more than urban 
arresters, because of the greater density and better shielding 
of urban arresters. Rural distribution arresters, although 
having fewer surges than station arresters, are required to 
discharge higher currents. 

Figs. 53 and 54 show the distribution of duty among 
individual arresters. Fig. 53, drawn from the data reported 
by Gross and MeMorris, shows that for a group of station 
arresters 32 percent discharged no surges in four years, 
only 25 percent discharged two, and the maximum number 
discharged was 3.84 per single-phase arrester per year. The 
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Fig. 55—Effect of line construction on number and magnitude 
of station-arrester discharge currents; Gross and McMorris.” 
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curve of Fig. 54 indicates more discharges. This may not 
be typical of duty on an average group of arresters, as the 
locations were chosen because experience indicated that 
they were subject to severe lightning conditions. 

The effect of line insulation on arrester duty is shown in 
Fig. 55. Wood-pole lines with no ground wires, as would 
be expected, produce more severe duty. 


30. Wave Shape of Lightning Currents 


An inherent difficulty in measuring the total current in 
direct strokes is the necessity of obtaining a point at which 
the current is totalized. This has led to collecting the 
current in a single mast. If, however, these masts are on 
low objects such as transmission towers, the chance of a 
particular point being struck is small. On the other hand, 
if tall objects such as buildings and smoke stacks are uti- 
lized, more records for a single installation can be obtained |. 
but it is always uncertain how much such strokes differ ~°~* 
from those to lower objects, as dealt with in the power- 
transmission problem. It is known, for example, that the 
initial streamers, the direction of propagation, and other 
vital characteristics differ in the measured discharges at 
the Empire State Building from those elsewhere. In spite 
of these uncertainties, most direct-stroke data have been 
obtained on tall objects. 

Stekolnikov and Valeev” in Russia in 1936 obtained the 
first oscillograms of the current in direct strokes. These 
studies were made with a balloon attached to a metal cable 
and flown at altitudes between 500 and 800 meters during a 
thunderstorm. Resistance shunts were connected directly 
in the cable circuit for a cathode-ray oscillograph and a 
high-speed rotating klydonograph. In addition, a short 
horizontal antenna about 20 meters above the ground was 
used with a cathode-ray oscillograph and a rotating kly- 
donograph. During the lightning season only two storms 
occurred near the lightning station, but six strokes to the 
vertical antenna were recorded, five in one storm. The 
cathode-ray oscillogram of one of these is shown in Fig. 56, 
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Fig. 56—Cathode-ray oscillogram of current in lightning _ 
stroke to captive balloon.” 


and data on the five strokes that could be analyzed are 
given in Table 3. These records indicate fronts of from 1% 
to 10 microseconds and rates of rise of from 1.8 to 9 kilo. 
amperes per microsecond. The maximum duration 48; 
recorded by the oscillograph was not over 50 microseconds, 
but the instrument was not very sensitive. Some of the. 
rotating klydonograph records of the individual comp 
nents of the induced surges on the horizontal antenn& ; 
however, indicate durations from 2600 to 10 000 microg 
seconds. ‘ 
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Several cathode-ray oscillograms obtained by McEach- 
yon’’ show the wave shape of the initial high-current por- 
tion of successive components of multiple strokes. Oscillo- 
grams for two of these strokes are shown in Fig. 57. The 
first (a) is of a single stroke having a crest current of about 
15000 amperes, a front of about 4 microseconds, and a 
time to half value of about 75 microseconds. The second 
two oscillograms (6, c) are of two components of a multiple 
stroke. Each has crest values of about 20000 amperes, 
fronts of about 10 microseconds, and times to half value 
of about 70 microseconds. 

McEachron concludes that the current between com- 
ponents of a stroke is continuous, although in many cases 
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it may be only a few amperes. An example of a crater-lamp 
oscillogram showing the presence of such currents between 
successive peaks is given in Fig. 58. This oscillogram is 
also interesting in that it confirms an essential difference 
between the types of discharge to high and low objects. 
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Fig. 57—Cathode-ray oscillograms of the currents in two 
strokes to the Empire State Building.” 
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Fig. 58—Crater-lamp oscillogram of stroke to the Empire 
State Building by McEachron,” showing successive peaks and 
continuing current. 
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Fig. 59—Fulchronograms of currents in direct strokes." 
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TABLE 8— TABULATED DATA ON FIVE STROKE-CURRENT OSCILLO~- 
GRAMS OBTAINED BY STEKOLNIKOV AND VALEEV” 


Oscillogram number........ 1 2 3 4 5 
Crest value of current in kilo- 
amperes..............-. 30 18 31 17 30 
Front of wave in microsec- 
onds............ce cee 8 10 3.5 10 1.5-2.0 


Maximum rate of rise of cur- 
rent in kilo-amperes per 


microsecond............. 6.6 7.6 25 4.0 
Mean rate of rise in kiloam- 

peres per microsecond.... 3.8 14.8 9.0 1.7 
Measurable duration in mi- 

eroseconds.............. 35 45 30 23 


Polarity—all negative but last one, which was oscillatory. 
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PHASES NOS.1 & 2 HAD SINGLE COMPONENT NEGATIVE DISCHARGES OF ABOUT 300 
AMPERES AND NEGLIGIBLE DURATION. 


Fig. 60—Fulchronograms of lightning-arrester discharge 
currents.® 


The vast majority of the discharges to the Empire State 
Building were initiated by upward streamers from the 
building, and until this streamer tapped a concentration 
of charge in the cloud the record indicated a low magnitude 
of current as shown in Fig. 58 for the first few tenths 
of a second. 

Wagner, McCann, and Beck® have presented data ob- 
tained with the fulchronograph on subjects varying be- 
tween 300 and 600 feet in height. Of twelve records ob- 
tained only one shows evidence that the discharge was 
initiated by an upward streamer. This record was obtained 
at the Cathedral of Learning of the University of 
Pittsburgh, Pa., and is No. 21 shown in Fig. 59. This figure 
also shows fulchronograms of direct strokes of the more 
conventional type. The Anaconda No. 29 represents the 
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Fig. 61—Record of arrester discharge currents obtained at og 
33 kv Stone Creek Substation of the Ohio Power Company. 


(a) Cathode-ray oscillogram of current in the common ground. 

(b) Replot of cathode-ray oscillogram in linear coordinates. 

(c) Fulchronograms of current in the individual arrester phase 
legs. 


maximum measured lightning current for which the mea 
ured current flowed through a single conductor. Reco 
No. 34 has the largest number of components of the ful-g 
chronograms obtained in this investigation, and show®¢ 
furthermore, that the maximum component does not x 
ways occur near the beginning of the stroke. A simi 
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henomenon was observed with photographic studies.® 
Several fulchronograms of current discharged by arresters 
are shown in Fig. 60. A cathode-ray oscillogram of the 
neutral current and fulchronograms of phase currents for 
a lightning discharge of a three-phase arrester bank are 
shown in Fig. 61. 


31. Wave Shape of Initial High-Current Portion of 
Surge 


Time to Half Value—Fulchronograms*®:® giving the 
current wave shape and duration have been obtained of 
46 direct strokes having 118 components, and of station 
arrester discharges having 223 components, and of dis- 
tribution arrester discharges having 83 components. Ex- 
cluding four low-magnitude components of strokes that 
were initiated by upward streamers, the times to half value 
of the direct-stroke records of the initial high-current por- 
tions varied from approximately 15 to 90 microseconds, 
with 50 percent of the components having a time to half 
value of 48 microseconds. The times to half value of the 
station arrester surges varied from 10 to 120 microseconds, 
with 50 percent of the surges having a time to half value 
of 27 microseconds. The times to half value of the dis- 
tribution arrester surges varied from 10 to 350 micro- 
seconds. The character of the tail of the high-current 
components is the same in both direct-strokes and dis- 
tribution-arrester discharge records. The times to half 
value for arresters in stations are shorter than for distri- 
bution arresters or direct strokes. These data are sum- 
marized in Fig. 62. 
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Fig. 62—Percentage distribution curves of duration of in- 
dividual components of lightning-surge currents. 


Similar data obtained by McEachron® by means of the 
cathode-ray oscillograph are summarized in F ig. 63. 

Wave Fronts—The results of Stekolnikov and Valeev 
on direct strokes as summarized in Table 3 indicate wave 
ronts of from 1.5 to 10 microseconds. Fig. 64 summarizes 
data obtained on the Empire State Building. 

Table 4 gives the results of measurements made with the 
Magnetic surge-front recorder on direct-stroke currents, 
arrester discharge currents, and a transmission-line tower 
current.°© These data indicate a lower limit of 0.5 and an 
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Fig. 63— Duration of current peaks measured to half-value, as 
a function of frequency of occurrence;* based on 11 strokes 
measured with cathode-ray oscillograph. 
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Fig. 64—Time to first crest of current peaks, as a function of 
frequency of occurrence;* based on cathode-ray oscillograms 
of 13 strokes. 
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Fig. 65—Percentage distribution curves of rate of current rise 
on fronts of lightning surges. 
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TABLE 4—RECORDS OBTAINED WITH MAGNETIC SURGE-FRONT 
RECORDERS BY WAGNER, MCCANN, AND BECK*® 


ee Average Rate 
Record : <r Surge Front,| of Rise, Am- 
. Polarity Current, iS 
Number Microseconds} _peres Per 
Amperes Mi d 
Wlicrosecon 
Currents in direct strokes 
24 Neg. 19 000 2.5 7 600 
34 Neg. 3 000-12 500 0.5- 9.6* } 1 300— 6 000* 
59 Neg. 1 000- 3 300 0.5-19.0* 174- 2 000* 
60 Neg. 325- 6 800 0.5- 6.0* | 1 140- 2 000* 
Currents in common grounds of three-phase arrester banks 
5 Neg. 100 More 10 Less 10 
55 Neg. 1 600 2 800 
30 Pos. 500 1 500 
41 Neg. 500 1.1 450 
31 Pos. 600 More 6 Less 100 
42 Pos. 825 More 20 Less 40 
338 Pos. 1 100 3.9 280 
47 Neg. 2 300 6 380 
45 Neg. 200 More 10 Less 20 
58 Neg. 5 100 1.6 3 200 
48 Neg. 400- 4 300 (0.5-20)* 500- 2 600* 
Transmission-line tower current 
66 Neg. | 50 400 1.16 | 43 600 


*These values indicate the limits within which the true values lie due to inaccu- 
racies introduced by multiple strokes. 


upper limit of 20 microseconds. The lower limit, however, 
is quite doubtful because the presence of multiple strokes 
impaired the indication. The highest average rate of cur- 
rent rise measured in a direct stroke in these studies is 
7600 amperes per microsecond for a stroke with a crest of 
19000 amperes. However, the transmission line tower 
current, which had a crest of 50 400 amperes, indicated an 
average rate of rise of 43 600 amperes per microsecond. 
The highest average rate of rise measured in an arrester 
discharge was 3200 amperes per microsecond for a surge 
with a crest current of 5100 amperes. 

Fig. 65 gives percentage distribution curves on the rate 
of rise occurring on the front of the wave. Berger’s meas- 
urements are of currents in transmission-line towers. The 
highest rate of rise that he recorded was between 30 000 
and 40 000 amperes per microsecond. However, the crest 
currents associated with the records did not exceed 40 000 
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Fig. 66—Percentage distribution curves of duration of indi- 
vidual components of lightning-surge currents. 


amperes. Norinder’s values are questionable, as they Were : 


estimated from measurements made of the magnetic fieldg 
produced by lightning strokes. McEachron’s data repre. 
sent the effective rate of rise of strokes measured with the 
cathode-ray oscillograph. McCann measured with the 
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cathode-ray oscillograph and magnetic surge-front recorder © 


the effective rate of rise of direct strokes to tall objects, 


32. Characteristics of the Long-Duration Tails 


The records obtained on the long-duration portion of 
direct strokes indicate that their character varies over wide 
limits. Aside from the strokes of continuing character 
recorded to tall objects,®.”! the fulchronograms® of direct 


strokes indicate component durations of between 50 and ° 


300 000 microseconds. The curves of Fig. 66 show the 
measurable duration of individual components of direct 
strokes as measured with the fulchronograph and also the 
photographic-recorder. The fulchronograph and photo- 
graphic-recorder have recording sensitivities of 50 amperes 
and 0.2 ampere, respectively. It is of interest that for any 
percentage occurrence value on this figure, the duration as 
recorded by the fulchronograph is only a small fraction of 
that shown by the photographic-recorder curve. This 
shows that on the average the duration of current above 
50 amperes in a component is only a small fraction of its 
total duration. 

It is shown in Fig. 66 that arrester-current records have 
considerably less evidence of long-duration tails. Of the 
268 discharge records obtained from arresters in stations, 
only 8 percent of the surges lasted longer than 300 micro- 
seconds. Of the 97 discharge records obtained from dis- 
tribution arresters, 54 percent of the surges had durations 
exceeding 300 microseconds. The 137 records obtained by 
photographic-recorder on arresters in stations show that 
50 percent of the surges lasted longer than 3000 micro- 
seconds. As shown by Bergvall and Beck* power trans- 
formers on grounded-neutral systems should be able to 
absorb the long-tail portion of the wave to an appreciable 
degree, if a sufficiently low impedance path to ground is 
provided. Distribution transformers should perform this 
function to a lesser degree. Thus, under these conditions, 
the arresters and transformers tend to protect each other. 
The arrester takes the high-current portion of the surge, 
which is injurious to the transformer; and the transformer 
the long-duration portion, which is injurious to the arrester. 
This is verified by the fact® that the 14 long-duration 
records were obtained on systems in which the protective 
value of the transformer ground connection is absent, 
although only about 30 percent of the arrester records 
were obtained on this type of circuit. 

Further evidence of the influence of the system ground 


on surge duration is found in the field experience that has :. 


been gained in the past with a new type distribution 


arrester. Of 27 000 arrester years of operation on four 


wire systems in which the neutrals of the source tran: 


formers are grounded with the neutral brought out to the 


em 


distribution transformers being protected, no failures hav@ 
occurred. For systems with the source grounded but W!™) ig 


the neutral not brought out and the primary of the pro“ 
tected transformer not grounded, the record shows 7 f 
ures caused by lightning out of 8500 arrester years, org 


Chapter 16 


9.082 percent. On delta systems 11 lightning failures have 
occurred in 4500 arrester years, giving a performance of 

0.24 percent. This result can be explained only by the 
resence of long-duration surges. 

A further significant fact is that 16 of the 18 failures 
occurred on four systems having only 1078 arrester years’ 
experience. These systems, in addition to being either 
delta- or wye-connected with the protected transformer 
ungrounded, were in regions of very high soil resistivity. 
This indicates that strokes in regions of high soil resistivity 
may have longer-duration components than those in 
regions Of low soil resistivity. 


33. Conclusion 


As a result of the investigations described, certain char- 
acteristics of lightning may be said to be quite definitely 
known. Among these are: 


|. Mechanism of the discharge. 

2. Polarity. 

3. General wave shape. 

4. Number of components in the discharge. 

5. Time intervals between components of discharges. 

). Total stroke durations. 

7. Crest magnitude of stroke current at ground, of tower 
currents, and of currents discharged by lightning arresters. 


Qn the other hand, many questions are still only par- 
tially answered. Thus, 


1. Thunderstorms appear to follow more or less definite paths 
as influenced by local terrain, which produces great localized 
variations in storm and lightning-stroke density. The only in- 
formation available as to the density of strokes is that distributed 
hy the Weather Bureau, which pertains only to the number of 
storm days, and is based upon aural indications. The Bureau 
data do not take these local conditions and line locations with 
regard to them into consideration. 

2. Of the half-dozen proposed theories of charge formation, 
none explains completely all the factors involved. 

3. The length of the stroke channel, that is, the height of the 
charge centers above earth, and the distribution of charge and 
current in the channels are still insufficiently known. 

4, Earth resistivity and geological structure appear to in- 
fluence the duration and possibly the crest magnitude of stroke 
discharges, but insufficient information is available to determine 
the extent. 

o. Tall objects unquestionably affect the initial streamers 
and it is likely that the subsequent discharge is also affected. 

_ 6. The extent to which current at the ground flows between the 
individual components is still somewhat questionable. 

‘. The initial rates of rise of stroke currents and voltages 
‘ncountered on systems are still worthy subjects of research. 

8. More direct evidence is required to determine whether some 
of the recorded tower currents are due to induced effects. 


It is apparent, therefore, that although considerable 
Progress has been made in lightning research, many ques- 
tions still remain for further investigation. 
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LINE DESIGN BASED UPON DIRECT STROKES 


Original Author: 
A. C. Monteith 
HE insulation requirements of transmission lines are 
determined by lightning and switching transients 
and not by the normal frequency voltage. For lines 
up to the highest voltages now in use, lightning disturb- 
ances resulting from direct strokes are usually a principal 
factor. The direct-stroke theory attributes the severe 
lightning disturbances on any transmission line to direct 
contact of the discharge with the line. Lines built in 
accord with this theory are shown in Fig. 1. Prior to the 
acceptance of the direct-stroke theory designers did not 
attempt to protect lines for direct strokes. They thought 
it highly improbable that lines would be struck directly, 
and, with the limited knowledge available, believed it 
practically impossible to cope with direct strokes. “Lines 
were designed on the basis of induced strokes, which as- 
sumed that the charged cloud (covering the vicinity of 
the line) with its accompanying gradient of voltage to 
ground, bound a charge on the line. The discharge of the 
cloud to a location other than the line itself released this 
bound charge, which was then free to travel along the 
line. Tests have shown that actual gradients appearing 
on the line during near-by discharges are too low to ac- 
count for the damage frequently done. 


Fig. 1—These two lines were designed in accordance with the 
direct stroke theory of protection. 
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Revised by: a 
E. L. Harder and J. M. Clayton’ 


Fig. 2—Proof of the direct stroke theory—in this case t 
lightning struck close to the line and 1600 feet from a records 
ing station yet no abnormal voltages were recorded. 


An instance of lightning (Fig. 2) that struck earth with- 
in 1600 feet of a field measuring station and within 260 . 
feet of a 220-kv line, without establishing any above 
normal voltage on the line itself, did much to start the 
investigators actively to consider direct strokes as 
actual menace. 

Consideration was given to the effect of direct stokes 
and methods of combating them as early as 1929.’ The & 
early exponent of the theory was Dr. C. L. Fortescue: 
In 1930 Dr. Fortescue was sufficiently satisfied with the 
theory to publish an article? “Direct Strokes, Not Im, 
duced Surges Chief Cause of High-Voltage Line Flash; ; 
over,” and in 1931 Fortescue and Conwell® gave a comy 
plete discussion on the application of the direct-sti ai 
theory to actual line design. 
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The direct stroke theory is now completely accepted for 
high-voltage lines (See App. Tables 1 and 2). Much evi- 
dence is being collected on the low-voltage rural lines to 
indicate that even here it is the direct stroke for which 
protection must be provided. More evidence must be 
secured for medium- and low-voltage lines to evaluate 
properly the possible effects of induced strokes. However, 
if the protection is based on the direct-stroke viewpoint, 
then induced strokes sink to insignificance on lines of any 
yoltage. 

Protection against direct strokes requires a shield to 
prevent lightning from striking the electrical conductors, 
together with adequate drainage facilities and adequate 
insulation structures so that the discharge can drain to 
ground without affecting the conductors. As an alterna- 
tive the line can be built without shielding but rather 
auxiliary discharge paths provided so that any discharge 
tending to interfere with the flow of normal-frequency 
current will be interrupted. The shielding method does 
not allow an arc path to form from the line conductor to 
ground, thereby giving inherent protection in the design 
itself. Ground wires is one form of this type of protec- 
tion. The non-shielding method or protection by auxil- 
iury devices does allow an arc to form between the ground 
structure and conductors but means are provided to 
quench it without line interruption. De-ion protector 
tubes are a form of the latter type of protection. 

This discussion is confined to the electrical character- 
istics of transmission-line design, and does not deal with 
the mechanical characteristics, which are adequately 
covered elsewhere. The discussion of the general factors 
to be considered in designing the two types of lightning- 
proof lines is intended only to give a general idea of how 
these factors affect the line performance. The results 
should not be taken as rigorous but rather should be used 
for considering preliminary designs on a comparative 
basis. The chief value of the general curves lies in the 
facility provided for considering alternative designs on a 
comparative basis; however, a check of the curves against 
a large amount of actual line experience does indicate 
Rood agreement. 


I. LINE DESIGN—INHERENT PROTECTION 
1. Design Factors 


The design of a transmission line against lightning for 
a desired performance, is practically independent of oper- 
ating voltage. The main consideration is how to obtain 
4 protection level for the desired performance. 

The basic principles underlying the design of a line 
based on the direct-stroke theory are: 


(1) Ground wires with sufficient mechanical strength 
must be located to shield the line conductors ade- 
quately from direct strokes. 

(2) Adequate clearance from the line conductor to the 
tower or to ground must be maintained so that the 
full effectiveness of the insulating structure can be 
obtained. (Sleet might influence this selection.*) 

(3) Adequate clearances from ground wires to con- 
ductors must be maintained, especially at the 
midspan, to prevent flashover to the conductors 
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up to the protective voltage level used for the line 
design. 

(4) Last, but equally as important, tower-footing re- 
sistances as low as are economically justified must 
be secured. 


a are ae rele 73 


\\ 
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Fig. 3—Ground wire arrangements on 230-kv line. 


The above points can be better visualized from Fig. 3 
which shows a sketch of the ground wire arrangement for 
a single-circuit. The ground wires are shown placed high 
above the line conductors and are well out on the towers. 
With this type of construction the ground wires are not 
placed directly over the conductors. This eliminates the 
possibility of contact in case of dancing conductors with 
sleet loading and also reduces the tower-top cost. Expe- 
rience with lines and also tests* have shown that when 
the protective angle (the angle formed by a line through 
the ground wire and the outer phase wire and the vertical) 
does not exceed 30 degrees, good shielding of the line con- 
ductors is obtained, and the probability of side stroke to 
the conductor is slight. Data taken from many lines 
show that as this angle increases, the probability of flash 
to the conductor increases. This factor will be discussed 
in greater detail later. 

Where the ground wires are directly connected to the 
supporting structures, such as to the tower top in the 
case of steel lines, or to the pole top with ground wires 
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down the poles in case of wood-pole construction, the 
correct location of ground wires placed high above the 
phase wires is a compromise with the effective utility of 
the insulating structure. However, unless ground wires 
are placed to intercept the strokes their purpose is de- 
feated. Thus the first requisite is to correctly place the 
ground wires well above the conductors to prevent side 
flashes to the conductors. Structures on which the ground 
wires are not directly connected to the steel pole have 
been considered. For example, wood has been used to 
insulate the ground wires from the steel supporting struc- 
ture, the ground connection to the ground wires being 
taken entirely free of the supporting structure. Also the 
erection of poles entirely separate from the conductor 
supporting structures and elevated high enough to shield 
the conductors have also been proposed. Since the design 
factors for arrangements of this sort are different they 
will be considered later. This discussion is confined en- 
tirely to lines having the ground wires directly connected 
to the supporting structure. 

The second and third factors, the maintenance of ade- 
quate clearance from conductors to towers and from 
ground wires to conductors are naturally of importance 
in obtaining a balanced design and are discussed at length 
later. 

The degree to which the fourth requirement—low foot- 
ing resistance—can be met depends on local soil condi- 
tions. The method used to reduce the equivalent footing 
resistance and the degree to which this is carried is surely 
a matter of economics as the problem is one of balancing 
the cost of lowering the resistance against the cost of in- 
creased insulation and tower structure to secure the de- 
sired performance. Experience indicates that some means 
of reducing the footing resistance to an equivalent of ten 
ohms, aS measured with the ground wires removed, is 
more economical than adding insulation. The resistivities 
of the principle earth materials, listed in Table 1, vary 


TABLE 1— EARTH RESISTIVITY 


Meter Centimeter 

Ohms Héot/ Ohms Ohms 
General Average........ 100 328 10,000 
Sea Water.............. 0.01-1.0 | 0.0328-3 .28 1-100 
Swampy Ground........ 10-100 32. 8-328 1000-10 000 
Dry Earth ............. 1000 3280 105 
Pure Slate............-. 107 3.28107 109 
Sandstone.............. 108 3.28108 10° 


over a considerable range so that the selection of the 
method of securing low tower footing resistance, will de- 
pend on local soil conditions. A more complete discussion 
of the use of ground rods and counterpoise will be given 
later. 

Considerable work has been done on establishing meth- 
ods’ for predetermining the design requirements of lines 
to provide a desired immunity against lightning tripouts. 
The curves of Fig. 4 present an estimating method’ which 
is based on the stroke current probability curve. This 
curve is essentially based on the data published by Wal- 
dorf® except that it has been modified slightly in the high 
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current region to allow for strokes up to 200 ‘000 ampereg 
which are known to occur from other field data. These 
data have been obtained through field research on a large 
number of lines. This estimating method treats the light. 
ning stroke as a constant fixed current; that is, the current 
magnitude is assumed to be independent of the stroke 
terminating impedance. 

The curves have been calculated on the basis that the 
stroke is intercepted by a shield wire. The lightning 
current is then expected to take the path along the shield 


TABLE 2—SUMMARY OF ANACOM STUDY 


—_—_—_—_ “eee C—O 


Tower | Tower-Top | Mid-Span Time Lag to 
Solin Footing Voltage Voltage Insulate 
hes t Resist- | Per Ampere | Per Ampere (Microseconds) 
ance, of Stroke of Stroke §|——__———__. 
Ohms Current Current Tower | Midspan 
200 5 11.6 27.5 2.0 2.0 
10 12.5 27.5 2.0 2.0 
20 16.3 28.5 2.0 2.0 
50 28.8 30.5 2.0 2.0 
100 45.0 40.5 2.0 2.0 
400 5 13.2 45.0 2.0 2.0 
10 15.0 45.0 2.0 2.0 
20 21.0 46.5 2.0 2.0 
50 36.0 48.8 2.0 2.0 
100 57.5 56.3 2.0 2.0 
600 5 14.0 65.0 2.0 2.0 
10 15.4 65.0 2.0 2.0 
20 21.5 67.5 2.0 2.0 
50 38.8 68.0 2.0 2.0 
100 64.0 72.0 2.0 2.0 
800 5 14.0 86.0 2.0 2.0 
10 16.0 86.0 2.0 2.0 
20 22.0 87.5 /2.0 2.0 
50 42.0 90.0 / 2.0 2.0 
100 72.0 92.5 / 2.0 2.0 
1000 5 14.0 110.0 \ 2.0 2.0 
10 17.0 110.0 \ 2.0 2.0 
20 24.5 110.0 2.0 2.0 
50 45.0 110.0 2.0 2.0 
100 75.0 113.0 2.0 2.0 
1200 5 14.0 125.0 2.0 2.0 
10 17.0 125.0 2.0 2.0 
20 24.5 125.0 2.0 2.0 
50 45.0 125.0 2.0 2.0 
100 75.0 130.0 2.4 2.0 
1600 5 14.0 158.0 2.0 2.0 
10 17.0 158.0 2.0 2.0 
20 24.5 158.0 2.0 2.0 
50 45.0 158.0 3.2 2.0 
100 75.0 158.0 3.2 2.0 
2000 5 14.0 167.0 2.0 2.0 
10 17.0 167.0 2.0 2.0 
20 24.5 167.0 2.0 2.0 
50 45.0 167.0 4.0 2.0 
100 75.0 167.0 4.0 2.0 
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Fig. 4—Curves for estimating line insulation and performance, based on 10-inch, 534-inch spaced suspension insulators, or 
equivalent, and an isokeraunic level of 30 storm days per year, : ‘ 


The numerals on curves (a) to (h) indicate tower footing resistance, (i) and (j) length of span. 


wire, down the tower or towers, and through the tower- 
footing resistance to ground. As the current follows this 
path to ground, a transient voltage appears across the 
line insulation. Neglecting normal-frequency voltage, the 
magnitude of this voltage depends chiefly on the stroke 
current magnitude and wave shape, tower-footing resist- 
ance, tower inductance, span length, and coupling factor. 
Assuming the voltage across the insulation has been de- 
termined for a particular set of parameters, the insulation 
requirements can be determined from the characteristic 
curves of Fig. 5. 

The curves of Fig. 4 are based on tower-top and mid- 
span potentials, which were determined from a study on 
the Anacom."® A typical line was set up on the Anacom 
and using a typical current wave, stroke currents were 
applied at tower-top and midspan and the corresponding 


potentials measured. A 2X40 microsecond current wave 
was used throughout the study as representative of light- 
ning strokes to transmission lines. Tower-top and midspan 
potentials were determined for the range of span lengths 
and footing resistances covered by the curves of Fig. 4. 
Some typical voltage solutions are shown in Fig. 6 and 
the complete results of the study are summarized in 
Table 2. Using these solutions and taking coupling into 
account the insulation requirement for any particular 
value of stroke current to tower can be determined from 
the following relationship. 


Insulation strength=stroke current Xtower-top voltage 
perampere of stroke current X (one— 
coupling). 


For this insulation strength the required number of insu- 


Chapter 17 


1900 


1800 


1700 


1600 


Line Design Based Upon Direct Strokes 


583 


Kg 


NI 


1500 


(200 5 VAAL | 
31100 VA Va a 
a Ves 24u nna 
Sg al Ve a ay 
eT VL 
Bey aauuausZ? 
soot ALLL A AL 
- A BRAZZ 


7 
Wi _| 
Y GY 
INSULATOR UNITS !0'%-o1A. 
5-3/4" SPACING 


200 

ce cae 

0. 

3.4 5 6 7 8 8 W tH 12 B 14 15 


GAP SPACING-INCHES —e!0 


Fig. 5—Characteristics of insulators and gaps, all values are 


REN 
a 


ee 


NNN 


A 
C7 STANDARD ROD GAPS 


16 
8 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 


SNS 
BNNs 


Sis 


SNR ENe 
Ae 
RSIS 


ZZ 
Z 
MV, 
Z 
a 
a 


mas 


ees ean eS 
i eee 


NI 
SS 
Ea aS 
Scounann nce 


7 $8 {19 2O0@—STANDARD INSULATOR UNITS 


100 


based on 144Xx40 positive waves and corrected to standard 


atmospheric conditions. 


lators was determined from the characteristic curves of 
Vig. 5. Note that the time lag curve to use is determined 
from the Anacom solutions. For example, the 3.2-micro- 
second time-lag curve is used in determining the tower 
insulation requirements for a line with 1600-foot spans 
and 100 ohms tower-footing resistance, Fig. 6(d). This is 
the time at which the tower-top potential is reduced ap- 
preciably by reflected waves from adjacent towers. 

Midspan insulation requirements for strokes to midspan 
were determined from the results of the Anacom study in 
a similar manner. The Anacom study and basis of the 
Parameters used in the study are described in detail in 
reference 8. 

Thus, using the method outlined above, the tower and 
midspan insulation requirements were determined for 
various span lengths and tower-footing resistances and 
plotted as the permissible stroke current curves of Fig. 4. 
The probability of flashover can be determined by com- 
bining these curves with the stroke current probability 
curve. The magnitude of the stroke current is recognized 
4s a matter of probability. Thus, the probability of flash- 
over for a given case is simply the probability of stroke 
Current in excess of that required to cause flashover. The 
stroke current probability curve is given in Fig. 7. The 


combination of the permissible stroke current curves of 
Fig. 4 and the probability curve of Fig. 7 results in the 
general probability curves of Fig. 4. 

The probability curves give line performance on the 
basis that all strokes are to tower, or all to midspan, re- 
spectively. Thus, line performance is determined by aver- 
aging the two outage probabilities obtained from the 
tower and midspan curves, respectively. For a co-ordi- 
nated line, having equal outage probabilities at tower and 
at midspan, either curve gives the total outages per 100 
miles of line per year. 

The result of reducing the tower-footing resistance is 
shown in Fig. 4. For example, a line designed for 10 insu- 
lators with 400-foot span and 100-ohm footing resistance, 
would have a protection level of 28 000 amperes stroke- 
current maximum. Further, the same line with 20-ohm 
footing resistance would have a protection level of 80 000 
amperes and with 5 ohms, a level of 126000 amperes 
maximum. Thus, lowering the footing resistance increases 
the utility of a given string of insulators. The protection 
level can further be increased by the addition of insulators 
with corresponding increase in clearances. A line designed 
with two insulators and a footing resistance of 10 ohms 
would have a protection level of approximately 28 000 
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Fig. 6—Typical current wave and tower-top and midspan 
potentials from Anacom study. 


(a) 240 microsecond current wave; 

(b) 400-foot span, 50 ohm tower footing resistance; 
(ce) 1000-foot span, 10 ohm tower footing resistance; 
(d) 1600-foot span, 100 ohm tower footing resistance 


amperes while 7 and 11 insulators would have protection 
levels of 80 000 and 122000 amperes maximum, respec- 
tively, according to Fig. 4(b). These curves for different 
span lengths provide a method of making estimates for 
different numbers of insulators. and different footing re- 
sistances, facilitating the selection of the most economical 
design of a transmission line to meet the service require- 
ments. 

The second factor—adequate clearance from conductor 
to the tower can readily be obtained by providing an air- 
gap distance equivalent to the number of insulators. Al- 
though flashover curves of gaps and insulators have been 
published they are given in Fig. 5 for convenience in arriv- 
ing at equivalents between insulators and gaps in air. 
This air distance plus the distance allowed for the swing 
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of the conductor by the wind will then determine the 
clearance from the conductor to the tower for the con. 
ductor in the normal position. The spacing between 
conductors can be determined by the method given above, 
the proper allowance being made for the supporting struc. 
tures. The only insulation requirement from an operating 
point of view is that the 60-cycle flashover of the insula. 
tion or clearances must be of the order of four times the 
operating voltage to neutral. If this requirement is sat. 
isfied the probability of outage from switching surges 
will be negligible and then the lightning consideration wil] 
prevail. Table 3 shows the number of insulators neces- 
sary to satisfy this requirement for various operating 
voltages. 


TABLE 3— MINIMUM SUSPENSION INSULATORS TO PREVENT 
OUTAGES FROM SWITCHING SURGES 
a a 


Maximum Expected | 
Voltage Switching Surge —Kv Number 
Class _ of 
Ky. 4 y Voltage Class X 4/2! Insulators 
i v3 ; 

69 225 4 
115 375 5 
138 445 6 
161 520 7 
230 745 10 
287 930 13 
345 1120 15 


The third requirement, midspan clearance, requires 
more consideration. On modern lines midspan clearances 
normally required for icing and shielding considerations 
and for mechanical reasons provide a high level of protec- 
tion. For example, the midspan clearances required to 
provide the relatively high protection level of 100 000 
amperes for 400-, 600-, 800- and 1000-foot ‘spans are 9.7, 
13.8, 19.8, and 26 feet, respectively, according to Fig. 4(i). 
These clearances closely approximate the ‘average values 
usually encountered on modern lines. 

In general, midspan protection levels are higher than 
tower protection levels, and in some cases midspan pro- 
tection levels are extremely high with the results that 
midspan flashovers become negligible. In the previous 
example of a line designed with 400-foot span, 10 insu- 
lators, and with 100-, 20-, and 5-ohm footing resistances, 
the minimum midspan clearances should be at least 2.3, 
7.0 and 12.5 feet, respectively, to be insulated for the 
same stroke current at midspan as at tower. However, & 
line with 400-foot spans normally has a midspan clear- 
ance of approximately 10 feet irrespective of footing re- 
sistance. This clearance provides a protection level of 
102 000 amperes; a comparable protection level at tower 
requires 12-ohm footing resistance. For higher values © 
footing resistance, it is desirable to maintain the high 
midspan protection level since this results in better line 
performance. In some cases it may be desirable to raise 
the midspan protection level. This can be accomplished 
by increasing the midspan clearance by allowing the 
ground wires to sag less than the conductors. 
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Fig. 7—Lightning stroke current probability curve. Strokes 
per 100 miles of line per year based on isokeraunic level of 30. 


2. Design for Given Performance 


This discussion has been based entirely on securing 
estimates for a given protection level. The question arises 
as to the level that should be secured for a given standard 
of service. The probability of flashover for a given pro- 
tection level can be determined from the stroke current 
probability curve of Fig. 7, which is based on an isoker- 
aunic level of 30 storm days per year. 

For example, a transmission line with a protection 
level for 100 000 amperes stroke current maximum has 
in expected probability factor of 0.7 outage per 100 miles 
per year for an isokeraunic level of 30, and twice that, or 
l.4 for an isokeraunic level of 60. Also a transmission 


Upon Direct Strokes 585 


line designed for a protection level of 20000 amperes 
stroke current maximum has a probability of 30 outages 
per 100 miles per year for an isokeraunic level of 30. In 
other words, the probability of having outages on a line 
decreases as the protection level increases, because the 
probability of experiencing strokes in excess of the higher 
level is not so great. 

Adding insulators or reducing tower-footing resistances 
result in an increased protection level. There is an eco- 
nomic limit to which this increase in protection level can 
be carried. Little is gained in performance of the line by 
raising the protection level beyond a certain limit. For 
example, on a line designed with 8 insulators and 50, 20, 
or 5 ohms footing resistance the expected probability of 
outage is 15.6, 4.1, and 0.8 outages per 100 miles per year, 
respectively. With 12 insulators the expected performance 
is 7.8 1.0, and 0.2 outages per 100 miles per year. These 
values assume equal protection levels at tower and mid- 
span. Therefore, for the higher footing resistances con- 
siderably better performance can be expected from in- 
creased insulation, up to a certain limit. However, for 
the lower footing resistance not much is gained from in- 
creased insulation. If 5 ohms can be obtained, little re- 
turn can be expected from any increase over 11 insulators, 
but for 20 ohms the desirable number of insulators is in- 
creased to 17 to obtain the same outage probability. 

The probability curves of Figs. 4 and 7 are based on an 
isokeraunic level of 30 storm days per year. An isokeraunic 
map!” for the United States is shown in Fig. 8. The 
probability of outage is assumed to vary directly with 
the number of storm days so that if an area has 45 storm 
days per year from the map, the outage probability 
should be multiplied by 1.5. 

The curves of Fig. 4 for estimating outages due to 
strokes to tower are based on coupling factors correspond- 
ing to a ground wire 100 feet above the ground plane 
and a 30-foot separation between ground wire and con- 
ductor. For other values of ground wire height and sepa- 
ration, the number of insulators 
should be corrected to allow for the 
corresponding change in coupling 
factor; the correction factors are 
given in Fig. 9. The equivalent 
number of insulators to use with the 
curves of Fig. 4 is obtained by 
multiplying the actual number of 
insulators by the correction factor 
corresponding to the actual ground 
wire height and spacing. The spac- 
ing between ground wire and con- 
ductor refers to the distance to the 
conductor with the greatest tran- 
sient voltage across its insulator 
string. This is the conductor most 
distant from the ground wire, since 
the coupling between this conductor 
and ground wire is less than the 
coupling for the closer conductors. 

On some lines the midspan pro- 
tection level may be more than 
twice the tower protection level with 
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Fig. 8—Annual isokeraunic map of the United States showing number of thunder- 
storm days per year. 
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Fig. 9—Correction factors for ground wire height and ground 
wire-to-conductor spacing at tower. 


the result that strokes to midspan may cause flashover at 
tower rather than at midspan. If the permissible stroke 
current to midspan is more than twice the permissible 
stroke current to tower, the outage probability is the aver- 
age of that corresponding to the permissible stroke current 
to tower and that corresponding to twice this stroke cur- 
rent. If the permissible stroke current curves of Fig. 4 in- 
dicate the midspan protection level is more than twice the 
tower protection level, the outage probability should be 
determined from the curve of Fig. 10. 

On wood-pole lines where the insulating medium may 
be a combination of porcelain, wood, and air, the insula- 
tion strength of the flashover path must be determined 
and converted to an equivalent number of standard insu- 
lators. The insulation strengths of standard insulators 
and air can be determined from Fig. 5, and the insulation 
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Fig. 10—Curve for determining the outage probability if the 
midspan protection level is more than twice the tower pro- 
tection level. 
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strength of wood in series with the insulator'string can be 
determined from Fig. 11. For estimating purposes the 
flashover voltages of the different insulating media can 
be added and the equivalent number of insulators for the 
total flashover voltage can be determined from Fig. 5. Ip 
making these calculations all flashover voltages should be 
based on the two microsecond time lag curves. 

The general curves are based on all flashovers causing 
power follow and consequently outages; however, al] 
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Fig. 11—Impulse insulation added to suspension-insulator 
strings by wood crossarms. 


flashovers do not result in outages depending on the line 
insulation characteristics and other factors. The ratio 0 
outage to flashover is discussed in section III. 


3. Application of Curves 


The use of the curves of Fig. 4 in estimating line pe 
formance is illustrated by a few examples. 
‘Example 1. A proposed 138-kv line is to have not more 
than 2 outages per 100 miles per year based on an 180 
keraunic level of 30. Shielding the line is recognized 
desirable. Soil conditions are such that the footing T 


sistance is 100 ohms. Tests show that four 30-foot groun® . 


rods reduce the resistance to 50 ohms; that a pari®. 
counterpoise reduces this to 20 ohms equivalent, and ay 
an adequate counterpoise reduces it to 10 ohms equiv - af 


RS. 
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The first question is span length. The topography of 
the country, conductor size, etc., must be considered. 
However, assume that all factors have been considered 
and 1O000-foot spans have been selected and that ground 
wires and conductors will be sagged to permit a midspan 
separation of 24 feet. The outage probability for this 
midspan separation is 1.0, Fig. 47). Therefore, the outage 


TABLE 4— MINIMUM CLEARANCE FROM CONDUCTOR TO TOWER 


Tower Footing Number of Clearance 
Resistance Ohms Insulators Inches 
100 27 155 
50 18 105 
20 10 59 
10 7 43 


probability for strokes to tower must be 3.0 so that the 
average of the tower and midspan outages will be 2.0. 
lor three outages per 100 miles per year and 100-ohms 
footing resistance, 27 insulators are required, Fig. 4(e). 
The number of insulators becomes 18 for 40 ohms, 10 for 
20 ohms, and 7 for 10 ohms footing resistance. The mini- 
mum conductor-to-tower clearance, balanced against the 
insulator flashover, is given in Table 4. These dimensions 
allow a layout of the towers; and the added cost of towers, 
insulators, ete., can be balanced against the cost of re- 
ducing the footing resistance. 

Example 2. Determine the outage probability of a 69-kv 
steel-tower line, shielded by overhead ground wire, lo- 
cated in an area where the isokeraunic level is 50, which 
has eight 534-inch spaced suspension insulators per string. 
The average span is 600 feet with a midspan separation 
of 16 feet. The average tower-footing resistance is 50 
ohms. 

From the probability curves, Fig. 4(c), the outage 
probability for strokes to tower corresponding to eight 
insulators and 50 ohms tower-footing resistance is 13.7 
per 100 miles per year and the permissible stroke current 
is 35 000 amperes. From Fig. 4(i) the outage probability 
for strokes to midspan corresponding to the given span 
length and separation is 0.5 per 100 miles per year, and 
the permissible stroke current is 110 000 amperes. Since 
the permissible stroke current to midspan is more than 
twice the permissible stroke current to tower, strokes to 
midspan can cause flashovers and consequently outages 
at the tower. For this case the outage probability is de- 
termined from Fig. 10. The outage probability for a 
Permissible stroke current to tower of 35 000 amperes is 
8.5 per 100 miles per year for an isokeraunic level of 30. 
The corresponding outage probability for an isokeraunic 
level of 50 is 50/308.5= 14.2 per 100 miles per year. 
Example 3. Determine the outage probability based on 
an isokeraunic level of 30 of a 69-kv wood-pole line having 
IX standard insulators and an average pole-grounding 
resistance of 50 ohms. The average span is 600 feet with 
& 14-foot midspan separation. The line insulation con- 
Sists of six feet of wood in the electrical circuit in addition 
to the six insulators. The spacing between ground wire 
and conductors is 12 feet at the poles and the ground wire 
8 50 feet above the ground plane. 
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The equivalent insulation of the wood and porcelain 
based on the two microsecond time-lag curves can be 
determined from Figs. 5 and 11. The flashover voltages 
for six insulators and six feet of wood are 800 kv and 700 
kv, respectively. From Fig. 5 the sum of these values, 
1500 kv, is equivalent to 12 standard insulators. 

The increased coupling due to spacing and ground wire 
height can be taken into account by the correction factors 
of Fig. 9; a correction factor of 1.1 corresponds to a 12- 
foot separation and ground wire height of 50 feet. Correct- 
ing for coupling the equivalent insulation becomes 
1.1X12=13.2 insulators. 

From Figs. 4(c) and 4(i) the outage probabilities corre- 
sponding to 13.2 insulators, 50 ohms pole-grounding re- 
sistance, and 14 foot midspan separation are 5.0 and 0.7 
per 100 miles per year for strokes to tower and midspan, 
respectively. The average of these, (5.0+0.7),2=2.85, 
is the outage probability for the line assuming all flash- 
overs result in sustained power follow and trip-out. Since 
part of the insulating medium is wood, approximately 
50 percent of the flashovers will result in outages. Thus 
the outage probability is 0.502.85=1.42 per 100 miles 
per year. 


II. PERFORMANCE OF TYPICAL LINES 


The general curves of Fig. 4 express line performance in 
terms of four main parameters; namely, footing resistance, 
line insulation, midspan clearance, and span length. Tower 
footing resistance and line insulation requirements are 
usually determined by the standard of service that is 
required of the line. Midspan clearance and span length 
affect line performance but are determined largely by 
other factors. Midspan clearances normally required for 
mechanical reasons provide adequate protection against 
midspan flashovers. The length of span is determined 
primarily by the conductor size and tower construction. 
The selection of towers and conductors depends primarily 
on the voltage class of the line; thus, average values of 
midspan clearance and span length are representative of a 
large percentage of the lines in a particular voltage class. 
Using average values for these parameters, line perform- 
ance of a typical line in a particular voltage class can be 
expressed in terms of two parameters—footing resistance 
and line insulation. On this basis the curves of Figs. 12 
and 13 present a method for estimating the performance 
of typical lines of voltage classes ranging from 34.5 to 
287.5 kv. Three curves are given for each voltage class 
which cover the range of insulators normally encountered, 
the center curve being based on the number of insulators 
most common for the voltage class. 

The curves are calculated on the basis that probability 
of flashover is independent of the normal frequency volt- 
age. Therefore, the application of the curves is not re- 
stricted to the indicated voltage class. For example, a 
69-kv line may be under consideration with span length 
and midspan separation which are approximately equal 
to the values on which the 115-kv estimating curves are 
based. In this case the 115-kv curves are used in esti- 
mating performance of a 69-kv line, provided the desired 
line insulation level is also covered by the curves. 
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Fig. 12—Typical configurations of wood-pole lines and curves for estimating line performance based on standard insulaté 
and an isokeraunic level of 30 storm days per year. a 
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Fig. 13—Continued on Next Page. 
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Fig. 13—Typical configurations of steel-tower lines and curves for estimating line performance based on standard insul 
and an isokeraunic level of 30 storm days per year. 
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The average values of span lengths and midspan sepa- 
rations used in calculating the curves are shown in Figs. 
12 and 13. In general, small variations in these factors 
do not affect the number of flashovers appreciably. For 
example, a 115-kv line with eight insulators, 800-foot 
spans, 18-foot midspan separation, and 10 ohms tower- 
footing resistance has a flashover probability of 1.2 per 
J00 miles per year. As the span length is increased to 
1000 feet or decreased to 600 feet, the corresponding flash- 
over probability becomes 1.35 or 1.1 per 100 miles per 
year. Assuming the midspan separation is increased to 
22 feet or decreased to 14 feet the corresponding flash- 
over probability becomes 1.0 or 1.65 per 100 miles per 
year. Thus, small variations in the midspan clearance 
and span length do not affect the outage probability appre- 
ciably. If the span length and midspan separation of a 
particular line under consideration are appreciably dif- 
ferent from the values on which the curves are based, the 
line performance should be determined from the curves 
of Fig. 4. 

The curves of Figs. 12 and 13 give the number of light- 
ning flashovers rather than the number of line outages; 
all fashovers do not result in line outages. The ratio of 
outage to flashover which is discussed in section III de- 
pends on the line and line insulation characteristics of the 
particular line being considered. 


4. Performance of Wood-Pole Lines 


The curves of Fig. 12 for estimating the performance 
of wood-pole lines are based on the typical conductor and 
ground wire configurations shown in the same figure; 
these configurations are averages of several lines. In 
calculating the number of flashovers at poles, the path of 


TABLE 5—GENERAL DaTA ON Woon-Po.e LINES 
Se ee a aan eee en eee 


oe = Impulse Insu- Times 
N e 
el x pe lation Level** gid Sesaeld Normal 
(KV) Tassie hans (11440 Posi- (KV —RMS) Line-Ground 
tive Waves) Voltage 
500 120 6.0 
84.5 Pintype 600 180 9.0 
700 ai 
4 970 270 6.8 
69 5 1020 330 8.3 
6 1070 380 9.5 
6 1130 380 5.7 
115 8 1220 500 7.5 
10 1330 600 9.0 
8 1330 500 6.3 
138 9 1380 550 6.9 
ll 1490 660 8.3 
9 1450 550 5.9 
161 10 1490 600 6.5 
12 1600 710 7.6 


a ee ee 
th *Middle value shows the most common number; upper and low values show 
¢ range for modern lines of this voltage class. 
% ased on number of insulators shown in previous column plus the length of 
Cod in electrical circuit shown in Fig. 12. 
ased on porcelain insulation only. 
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minimum impulse insulation is assumed to be the porce- 
lain plus the wood in the electrical circuit. The length 
of wood in the electrical circuit is assumed to be half the 
distance between phase conductors, the distance between 
conductors being shown in Fig, 12, The ground wire 
down-lead is assumed to be fastened directly to the pole. 
In some cases the line insulation is increased by mounting 
the down-lead away from the pole so that an air gap is 
included in the flashover path in addition to the porcelain 
and wood. General data on wood-pole lines are summar- 
ized in Table 5. 


5. Performance of Steel-Tower Lines 


Curves for estimating the performance of typical steel- 
tower lines are presented in Fig. 13; typical conductor and 
ground wire configurations for single-circuit and double- 
circuit lines are included in this figure. General data on 
steel-tower lines are summarized in Table 6. Spans for 


TABLE 6—GENERAL DATA ON STEEL-TOWER LINES 
i ee 


; Impulse Insu- Times 
wae No. of lation Level sett ‘eens Normal 
(KV) Insulators*| (11440 Posi- Ky RMS) Line-Ground 

tive Waves) az Voltage 

4 430 270 6.8 

69 6 600 380 9.5 

8 760 500 12.5 

6 600 380 5.7 

115 8 760 500 7.5 

10 930 600 9.0 

8 760 500 6.3 

138 10 930 600 7.5 

12 1100 710 8.9 

9 850 550 5.9 

161 ll 1020 660 TA 

14 1270 820 8.8 

14 1270 820 6.2 

230 16 1440 930 7.0 

20 1780 1140 8.6 

16 1440 930 5.6 

287.5 18 1610 1030 6.2 

22 1950 1250 7.5 

18 1610 1030 5.2 

345** 20 1780 1140 5.7 

24 2110 1350 6.8 


*Middle value shows the most common number; upper and lower values show 
the range for modern lines of this voltage class. 
**No existing lines of this voltage class today. 


single-circuit lines are generally about 100 feet longer than 
double-circuit lines in the same voltage class. Other fac- 
tors remaining equal, the outage probability is slightly 
greater for the line with longer spans. However, coupling 
factors are usually less on double-circuit lines due to the 
greater separation between ground wires and conductors, 
and this increases the outage probability slightly, other 
factors remaining equal. Thus, the performance of single- 
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circuit and double-cireuit lines can be expressed without 
appreciable error in a single set of estimating curves. 

The curves for estimating flashovers on 287.5-kv lines 
are not based on the actual number of insulators used on 
the only existing line of this voltage class. The curves are 
based on a range of insulator values so that line perform- 
ance can be determined for various insulation levels. Also, 
the curves covering the upper insulation levels can be 
used for estimating line performance of higher voltage 
lines that may be constructed in the future. 


Ill. DETAILED DISCUSSION OF FACTORS 
6. Ground Wires 


The selection of the size, arrangement, and mechanical 
strength of ground wires is of paramount importance in 
the design of a line. Some of the earlier troubles with 
ground wires (sometimes called ‘‘static’’ wires) have been 
traced to mechanical difficulties or incorrect selection of 
the material. Sleet sometimes causes ground wires to 
come in contact with the conductors, producing line out- 
age. This is minimized as ground wires with characteris- 
tics practically the same as the conductors are used. The 
proper location and tension is discussed at length in a 
published paper.® 

When a ground wire is selected with the above thoughts 
in mind the size is more or less fixed. A small increase of 
diameter affects the protection slightly but the increased 
cost does not warrant carrying this very far. Usually 
more improvement is obtained by spending this same 
money to improve other factors. The material should be 
non-corrosive. Practically all wire manufacturers now 
have available a suitable high-strength, non-corrosive wire. 
Calculations indicate a small improvement in coupling by 
increasing the ground wire size. A reduction of tower- 
footing resistance gives the same effect in the final design 
and is much cheaper. It is therefore seen that the selec- 
tion of the ground wires should be based on mechanical 
rather than electrical considerations. 

The experience with properly selected and arranged 
ground wires has been satisfactory, some lines now being 
practically lightning-proof. 


7. Protective Angle 


The necessary protective angle between a line through 
the vertical of the tower and a line through the ground 
wire and outermost line conductor has been a much dis- 
cussed subject. Experience with various lines indicated 
that 20 degrees was giving entire satisfaction but how 
much higher this angle could be made was open to ques- 
tion. Some lines with 45 degrees were giving poor re- 
sults. 

Laboratory tests,® coordinated with field results on 
existing lines indicate that a good average for this angle 
is 30 degrees. In arriving at this conclusion models were 
erected in the laboratory and by using different scales 
with different locations of ground wire and electrode sim- 
ulating the cloud it was concluded that 45 degrees for this 
angle should be satisfactory when the line was on the level. 
However, it is found that when the tower is erected on a 
hillside the angle should be decreased by the angle of the 
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slope of the hill. A study of actual lines’ shows this to 
be the case. \ 

Tests and experience show that 30 degrees is a good 
average; however, the shielding angle can be worked out 
in detail with the curves of Fig. 14. These curves show 
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Fig. 14—Ground wire and conductor configurations for 0.1 
percent exposure of conductors. 


ground wire and conductor configurations that permit 
0.1-percent exposure of the conductors. The general 
curves of Fig. 4 assume that all strokes are intercepted 
by the shield wire. If the phase conductors are not com- 
pletely shielded, the outage probability is determined by 
adding directly the estimated number of strokes termi- 
nating on the conductors to the outage probability given 
by the curves. cA 
8. Coupling / 

The entire ground wire or tower-top voltage does not 
appear across the line insulation since a voltage of the 
same polarity as the ground wire voltage is induced on 
the conductors. The ratio of this induced voltage on the 
conductor to the ground wire voltage is the coupling fac- 
tor. Thus, the voltage across the line insulation is the 
ground wire voltages times (one — coupling factor), neglect- 
ing normal frequency voltage. 

The electromagnetic and electrostatic coupling factors 
are equal unless the effective radius of the ground wire 18 
increased by corona, then the electrostatic coupling 1n- 
creases and the electromagnetic coupling is believed to be 
unaffected. The coupling factor with corona considered 
is calculated by the equation, coupling 


‘=+/electrostatic coupling Xelectromagnetic coupling. 
Coupling is calculated by the equation, 
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where 


C’=coupling factor. 

a=distance from conductor to ground wire. 
b=distance from conductor to image* of ground wire. 
h=height of ground wire above ground. 

r=radius of ground wire. 


The electromagnetic coupling factor is calculated using 
the actual radius of the ground wire, and the electrostatic 
coupling factor is calculated by the same equation using 
the effective radius 4 of the ground wire due to corona. 


9. Lightning Flashover and Power Follow 


All lightning flashovers do not result in sustained power 
follow. The percentage of flashovers that result in power 
follow depends principally upon the type and length of the 
insulation path, the magnitude of the power follow cur- 
rent, and the magnitude and duration of the lightning 
flashover current. Performance records on various types 
of lmes have yielded some data * on the ratio of sustained 
power follow to flashover. 

For the higher voltage, steel-tower lines where the prin- 
cipal flashover path is in air or over porcelain, about 85 
percent of all lightning flashovers result in sustained 
power follow if the line length is less than 100 miles. The 
ratio is reduced to about 0.50 for such lines over 200 miles 
in length. For wood-pole lines where part of the flashover 
path is over wood, the ratio of power follow to flashover 
ranges from 0.35 to 0.50. For 13- and 33-kv wood-pole 
lines Ekvall” shows the sustained power follow to be a 
function of the length of flashover path over wood divided 
by the normal frequency voltage. 

Ii the characteristics of the line and line insulation re- 
sult in a considerable reduction of the ratio of power fol- 
low to flashover, this should be considered in estimating 
the outage probability. To determine the outage proba- 
bility taking this factor into account, multiply the ratio 
of power follow to flashover by the outage probability 
from the general curves. If the ratio is near unity, it can 
be neglected and the general curves will indicate a slightly 
pessimistic outage probability. 


10. Tower-Footing Resistance 


Tower-footing resistance is usually expressed as the 
measured 60-cycle value; however, line performance de- 
pends on the impulse value of the footing resistance. The 
value of the impulse resistance depends on a number of 
factors such as soil resistivity, critical breakdown gradient 
of the soil, magnitude of the surge current, and length 
und type of driven grounds or counterpoises. If long or 
continuous counterpoises are used because the soil re- 
sistivity is high, the initial impulse resistance is the surge 
impedance of the counterpoise, which is usually greater 
than the 60-cycle resistance. Counterpoises are discussed 
in the following section. 

In soils of low or medium resistivity, adequate ground- 
ing can usually be obtained by driven ground rods. For 
these grounds the impulse resistance is usually less than 
the 60-cycle value. The ratio of impulse to 60-cycle re- 

*The image of a wire is the same distance below the ground surface 
that the wire is above the ground surface. 
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sistance depends on the characteristics of the driven 
grounds, which are determined largely by soil resistivity 
and the critical gradient at which the soil breaks down. A 
number of laboratory tests!® !® have been made on driven 
grounds to determine the impulse characteristics under 
various conditions. The impulse resistances of various 
grounds for impulse currents ranging up to 12 000 am- 
peres are shown in Fig. 15. For grounding resistances in 
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Fig. 15—Variation of impulse resistance with impulse cur- 
rent for various values of 60-cycle resistance. 


[2000 


the order of 10 ohms or less, the impulse resistance is only 
slightly less than the 60-cycle value; however, for high 
ground resistances the impulse resistance is considerably 
less than the 60-cycle value. Thus, in estimating line 
performance footing resistances of ten ohms or less can 
be taken as the impulse value; however, if the footing 
resistance is high, the impulse resistance should be de- 
termined and used in the general curves of Fig. 4. Values 
of impulse resistance can be worked out in detail with 
references 18 and 19. 


11. Lowering Tower-Footing Impedance (Rods and 
Counterpoise) 


The discussion on the design factors indicates the de- 
sirability of reducing the tower-footing impedance as 
much as economically possible. The steel tower naturally 
has a large surface in contact with the soil, particularly 
that type of tower with the grillage type footing or earth 
anchor. The methods of calculating the tower-footing 
resistance and the effect of surface have been worked out.?° 
This work shows the effectiveness of contact of the tower 
and counterpoise with the soil. If the tower inherent 
construction does not naturally give a resistance to ground 
low enough for an economical design the grounds can be 
improved by driving rods in and around the tower footing 
either during or following erection of the line. A practical 
example of this is shown in Table 7. 
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TABLE 7— TOWER GROUND RESISTANCES, OHMS 


Test of 30 ft. Driven Ground Rod | est of Tower 
Ground Res. Res. of Rod Ground at Ground Res. 
peer 30 ft. Rod 
ta 15 ft. | 20 ft. | 25 ft. | 30 ft. | Connected 
513 | 24.16; 13.7 48 35 25 20 9.83 
520 | 27.0 17.2 84 37.5; 25 21 9.8 
521 | 24.0 13.9 | 108 67 38 31.8 11.33 
550 | 22.26] 16.5 69 39 27 27 11.1 
551 | 20.96 | 16.0 80 45 32 31 11.5 


Chemical treatment of ground has been considered, but 
this has not been a satisfactory method for actual line 
design, it being used more for substation grounds. The 
curves of Fig. 16 show that the size of ground rod does not 
influence the resistance materially whereas the length is 
most influential. For this reason it is better either to use 
small but long rods or many small rods. The curves of 
Fig. 16 provide a method of estimating the number of 
rods necessary to reduce the tower-footing resistance to a 
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Fig. 16—Resistance to earth of driven rods for three different 
diameters and a specific resistance p = 1000 foot ohms. 


Curves taken from H. B. Dwight ‘Calculation of Resistances to 
Ground,” A.J.E.E. Transactions, December, 1936. 


R= 57 (lone 4L _1 )where L =length in cm. and a=radius of rod 
QL “a in cm. 


specific magnitude provided the resistivity of the soil is 
known. These are based on resistivity of 1000 foot ohms. 
For other resistivities the curve can be varied directly in 
proportion to the changed resistivity. The curves of Fig. 17 
show the effect of increased number of rods for different 
spacings. 

The counterpoise is a practical means of reducing the 
resistance by increased area of earth in contact with the 
grounding system. This is nothing more than a conduc- 
tor buried in the ground, it being run parallel to or at 
some angle to the line conductors themselves. The paral- 
lel counterpoise as compared to one at right angles gives 
a little more coupling with the line conductor. This in- 
crease in itself is so small that it need not be considered 
in the calculation but rather taken as an additional factor 
of safety. At the most this could be ten percent but usu- 
ally it is less than five percent. If possible a parallel 
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SPACING= FEET 


Fig. 17—Ratio of resistance of ground rods in parallel to that 
of isolated rods. 
A—two rods, B—three rods, C—four rods. 
Ground rods are 34 inch diameter, 10 feet deep; 3 rods on equi- 
lateral triangle, 4 rods on square. 
Taken from H. B. Dwight paper ‘Calculation of Resistance to 
Ground.” 


counterpoise should be used and advantage taken of it. 
This should not, however, be allowed to dictate, as leak- 
age resistance and initial surge impedance are more im- 
portant factors in selecting a successful counterpoise. 

A wire or counterpoise buried has an initial surge im- 
pedance depending somewhat on soil conditions but this 
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Fig. 18—Effect of number of wires on the counterpoise 
impedance, 


Woaper 1é 


is about 150 to 200 ohms. As the surge current travels 
along the counterpoise this initial surge impedance is re- 
duced to the leakage resistance in a time depending upon 
the length of the counterpoise and the speed of propaga- 
tion of the surge. In general, the surge travels at approxi- 
mately one-third the speed of light so that a 1000-foot 
counterpoise has an initial surge impedance of approxi- 
mately 150 ohms and at the end of six microseconds an 
effective resistance equal to the leakage resistance. Like- 
wise, a& 250-foot counterpoise has an initial surge im- 
pedance of 150 ohms but reduces to the leakage resistance 
in 1.5 microseconds. This indicates the desirability of 
using many short counterpoises instead of one long coun- 
terpoise as the leakage resistance is dependent largely 
upon surface area so that this is the same whether one 
1000-foot counterpoise or four 250-foot counterpoises are 
used. On the other hand, the counterpoise of four 250- 
foot sections has an initial surge impedance of 37.5 ohms 
and reaches the final leakage resistance in 1.5 microseconds 
as compared to 150 ohms and 6 microseconds for the 
1000-foot counterpoise. The one important point in 
applying this rule is to be sure that the leakage resistance 
of the counterpoise is lower than the initial surge imped- 
ance, otherwise positive reflections result and the tower 
footing is raised rather than lowered. The curves of 
Fig. 18?! illustrate the above discussion. Some of the 
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Fig. 19—Arrangements of counterpoises. 
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arrangements of counterpoises that have been used in 
actual tower construction are shown in Fig. 19. 

The steps necessary to apply counterpoises properly are 
given in the E.E.I. report F6 by Merril DeMerit.2° This 
takes into account all surface factors. A close estimate 
can be obtained by driving say an eight-foot rod and from 
the proper resistance curves arrive at an average specific 
resistance for the soil. Reference to counterpoise curves 
for this specific resistance shows the leakage resistance of 
counterpoise of different lengths or reference to the resist- 
ance curves for driven rods gives the effectiveness of rods 
in reducing the ground resistance. Mr. DeMerit’s curves 
indicate 10 ohms tower-footing resistance for a specific re- 
Sistance of 1000 ohms and proportionately higher for 
higher earth resistances. Thus knowing the resistance of 
the elements of the circuit a prediction of the results can 
be made. 

For example, assume by driving an eight-foot ground 
rod the specific resistance at a tower location is calculated 
to be 2500 ohms. The expected resistance of the tower is 
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Fig. 20-—-Resistance to earth of 34-inch single counterpoise for 
two depths (p= 1000 foot ohms). 


Calculated from H. B. Dwight paper “Calculation of Resistance 
to Ground.” 
2 
R= 72 (log A-+log AY 2+ 7575) where 
2L=length in centimeters, S=distance wire to image in centi- 
meters, and 
a=radius of wire in centimeters. 


25 ohms. Driving four 32.0 foot long 34-inch diameter 
rods on the corners of a 30-foot square would give a re- 
sistance of 25 ohms (Figs. 16 and 17). The resultant re- 
sistance of this combination is 12.5 ohms. Or with 200 
feet of wire buried 3 feet deep the resistance is also 1214 
ohms (Fig. 20). Omitting the time factor for going from 
the initial to the final or steady-state impedance of the 
counterpoise is not serious where the counterpoise is short 
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Fig. 21—Resistance to earth of two parallel 34-inch counter- 
poises plotted for two separations at a depth of 2 feet (p = 1000 
foot ohms). 
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Calculated from H. B. Dwight “Calculation of Resistance to 
Ground.” 


596 


as the average rate of rise of potential in the stroke is 
such that. the effect of this time element is negligible. 

The question arises as to the proper depth to bury the 
wire. As shown in Fig. 20 the depth does not materially 
affect the resistance of the counterpoise. It is necessary 
to bury only deep enough to prevent theft. 

Where it is necessary to bury more than one counter- 
poise in each direction from a tower and when the width 
of right-of-way dictates parallel counterpoise there is the 
question of the proper distance between the wires. The 
curves of Fig. 21 indicate that the 150-foot spacing lowers 
the resistance a small amount below that of the 10-foot 
spacing. Therefore the spacing should be as large as pos- 
sible. Usually it is possible to space the counterpoise 
wires at least as far apart as the two outside conductors. 
In general it is possible to space them 40 feet apart, which 
gives approximately the results of the 150-foot curve. 

The fact that depth is not a great factor in securing low 
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Fig. 22—Resistance to earth of 34-inch four-point star counter- 
poise plotted for two depths (p= 1000 foot ohms). 


Calculated from H. B. Dwight “Calculation of Resistance to 
Ground.” 
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Where L=length of arm in centimeters. 
S=distance wire to image in centimeters. 
a=radius of wire in centimeters. 
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leakage resistance for the counterpoise is again illustrated 
in the curves of Fig. 22, calculated for a four-point star 
counterpoise. 


12. Clearances 


Air clearances must be large enough to have as great 
an impulse breakdown as that over the insulation itself. 
That is, in calculating the protection or probability of 
outage of a line it is essential to use the lowest figure of 
impulse-breakdown strength whether it be over the insu- 
lator string or whether it be from the conductor to ground 
point. An easy method of checking this for air clearances 
as compared to that of the standard insulator unit is shown 
in Fig. 5. 


13. Arcing Rings 


Arcing rings or arcing horns were once quite popular. 
It was reasoned that if properly designed the 60-cycle arc 
would be kept clear from the porcelain, and also there was 
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some belief that the impulse characteristics of the insulator 
string were improved. The use of high-speed clearing of 
faults and improved porcelain have practically eliminated 
the first reason. It is now found that any device that tends 
to prevent cascading of the arc over the insulator reduces 
the impulse strength of the insulator. 


14. Size and Spacing of Insulators 


The standard porcelain insulator is one having a shell 
10 inches in diameter and a spacing of 534 inches from 
center to center. It is not difficult to increase this spacing 
between discs, and consideration has been given to 
changing the diameter of the porcelain. The impulse char- 
acteristics of three different diameters with three different 
spacings are presented in Fig. 23.* They show, for instance, 
that 16 insulators, 434-inch spacing have a somewhat lower 
impulse strength than 16 insulators with 61-inch spacing. 
The cost of a power line is, however, determined more by 
the steel than by the number of insulators in the string. 
The 16, 614-inch spaced units require more steel and great- 
er spacings to maintain proper clearances than the shorter 
spaced units. Or, in other words, for a given length of 
insulator string fixed by tower construction the closer 
spaced units will give a higher overall impulse strength. 
Likewise, as the diameter of the insulator is increased the 
impulse strength is slightly increased. Increasing the 
diameter and shortening the spacing naturally increases 
the cost of a given string Jength. The correct selection 
therefore is a compromise between cost and performance. 
The 10-inch 534-spaced units is a satisfactory compromise. 

The flashover characteristic curves of Fig. 23 for standard 
insulators do not agree with the standard insulator curves 
of Fig. 5. The curves of Fig. 5 are the accepted curves for 
determining flashover characteristics of standard insulators 
since they are based on more recent laboratory tests made 
since the standardization of laboratory techniques. The 
curves of Fig. 23 should be used only for comparing the 
impulse flashover characteristics of insulators of various 
diameters and spacings. / 


15. Wood Construction 


Many forms of wood construction are available. One 
consists of a steel tower, wood crossarms and\suspension 
insulators. The wood insulation plus the insulators in- 
creases the overall impulse strength. The design factors 
are the same as above except the advantage of wood insu- 
lation can be utilized up to the point of the next weakest 
path, which is probably from the conductor to the steel 
tower with conductor swing. In order to arrive at the 
design constants it is necessary only to determine the 
weakest point in the design, convert this into equivalent 
insulators and apply the curves directly. 

The data are equally applicable to all wood construction. 
For example assume a 115-kv H-frame line with the 
dimensions shown in Fig. 24. As in the case of the steel 
design the ground wires must be placed to form an angle 
of 30 degrees or less on the level. If the line is to be on 4 
hillside the slope of the hill must be subtracted from the 
30 degrees. The use of a second crossarm to support the 
ground wires as shown in Fig. 24 (a) may save in cost, as it 
allows the use of shorter poles in securing the protective 
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Fig, 23—Time-lag flashover characteristics of suspension insulators of various sizes and spacings. All values are based on 
112X40 positive waves and humidity corrected to 6.5 grain. 
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angle. This will act also as a brace and may reduce the 
necessity for elaborate X-braces below the conductors. 
Many combinations are given in the article by Mr. 
Naney.” This fixes the height of ground wire. Seven 
insulators +7 feet of wood is equivalent to 695+700 kv 
or a total of 1395 kv where a good average value of wood 
is taken as 100 kv per foot for the long times to flashover. 
For detailed and close designs reference should be made to 
the published data‘. The value B is 7 feet minus 
2 feet or 5 feet in air, which has a minimum impulse level 
of 950 kv when the insulator string is at an angle of 30 
degrees. The total impulse strength for 7 feet of air is 1310 
kv for the insulator in the vertical position. The line 
strength is therefore 950 kv with high wind or 1310 kv 
with no wind and not the strength developed by the wood- 
arm plus the insulators shown above to be 1395 kv. The 
figures, 950 kv and 1310 kv, are the equivalent of 10 in- 
sulators or 1414 insulators respectively. All the design 
features can now be determined. For example, assume the 
line is designed for the full swing of the insulator or an 
equivalent of ten insulators. The clearance from the con- 
ductor to ground wire must exceed five feet. Satisfying the 
protective angle assures this clearance. In the example 
discussed above the midspan clearance is 14 feet, under 
normal conditions. Referring to Figs. 4(¢ and i) and 
assuming that 10 ohm tower-footing resistance is possible, 
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Fig. 24—Design of H-frame type of wood pole line based on 
direct stroke theory. 


(a) Alternate plan using two crossarms permitting use of shorter 
poles to secure 30 degree angle. 
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Fig. 25—Design of single pole structures based on direct 
stroke theory. 


the line should be good for 110 000 and 100.000 amperes 
stroke current to tower and midspan, respectively with a 
probability of outage of 0.6 per 100 miles per year for a 
30-storm level. If the construction of Fig. 24 (a) is used 
it might be necessary to use differential sagging, i.e., allow 
the ground wire to sag less than the phase wires to obtain 
adequate clearance at the midspan. Where sleet is a prob- 
lem, this construction might not be permissible. In this 
manner a design of wood-pole line can be developed from 
the same curves. The procedure in arriving at dimensions 
for other wood-pole constructions is the same as outlined 
for the H-frame line. ; 

In considering wood design the splitting of the wood is 
quite serious. The ground wire and down lead protect the 
pole but quite often the crossarms are shattered by the 
stroke. The double crossarm, one on either side of the 
pole, eliminates possible dropping of the line but does not 
remove the shattering problem. Well-seasoned wood ap- 
parently is not as susceptible to shattering as green wood. 
This is true for poles as well as crossarms. 

The manner of grounding a wood-pole line depends on 
soil conditions and may range from a butt wrap on the os 
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pole, to the driving of ground rods, or to some form of 
counterpoise as for a steel line. Wood poles must be guyed 
at corners or angle points. Care must be exercised in the 
location of these as on improperly designed lines an undue 
proportion of outages will be concentrated at these points. 
If it is not possible to locate the guy to give adequate 
clearance, then wood strain insulation in the guy should be 
considered with horns used around this wood to eliminate 
splintering. 

The ground wire is effective for lines with operating volt- 
ages above 34.5 kv where low ground resistances are se- 
cured. The clearances commensurate with the construc- 
tion for voltages lower than 34.5 kv are such that the use of 
ground wires are questionable. Here reclosing breakers, 
deion protector tubes and other forms of protection are 
more practical. 


16. Other Forms of Construction 


A short section of line was built with wood separating 
the steel structure from the ground wire. Here the ground- 
ing was accomplished by separate guy wires as in Fig. 26. 
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In this type of construction, sometimes called the diverter 
scheme, because up to the point of insulation flashover no 
current flows through the tower, the only stress on the 
insulators is the induced potential up to the point of flash- 
over of the wood pole. Although the construction is very 
effective it does not lend itself to economical line design. 
Another scheme used in connection with substations and 
suggested for lines, is to erect separate steel masts tall 
enough to shield the phase wires from the stroke. This is 
practical only for shielding existing substations or very 
special line cases. It is effective where high ground resist- 
ance is encountered. Usually low ground resistance can be 
obtained, which allows the direct connection of the ground 
wires to the steel supporting structures. In this scheme 
no surge current passes through the tower and therefore 
there is no tendency to flash over an insulator string. 


IV. PROTECTION BY AUXILIARY DEVICES 


The second method of protection, making use of auxil- 
lary devices or non-shielding has been extensively used in 
improving the performance of lines against lightning. Here 
the path of the discharge is controlled and some device 
used to extinguish the power follow arc. 

Several devices have been used, such as lightning ar- 
resters, fuse arcing links, and protector tubes. The light- 
ning arrester is too expensive for general application and 
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Fig, 26—Wallenpaupack-Siegfried 220-kv line with ground Fig. 27—Protector tubes on steel tower, 66-kv line of the Inter- 
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(b) 


(c) 


Fig. 28—Elements of recovery voltage. 
E,—generated voltage, /,—generated current. 


Ep—protector tube voltage. 
Exy—natural frequency voltage. 


has not been extensively used. The maintenance of the 
fuses on the arcing rings made their application limited. 
The most popular device at present is the protector tube. 
This device is simple both in construction and in opera- 
tion. Basically it consists of a fiber tube with an electrode 
in each end and is applied so that the impulse breakdown 
through it is lower than that of the insulation to be pro- 
tected. On a transmission tower one tube is often mounted 
below each conductor so that the upper electrode is con- 
nected to an arc-shaped horn located the proper distance 
below the conductor, thus forming a series gap with the 
conductor. The lower electrode is solidly grounded. When 
a surge appears on the conductor, the series gap is spanned 
and an arc is formed in the tube between the electrodes. 
The heat of the are vaporizes some of the fiber of the tube 
walls, the resulting neutral gas being expelled violently into 
the arc stream sufficiently deionizing it to prevent the arc 
restriking after the first zero point of the 60-cycle power 
current. Since the protector tube is the most practical 
auxiliary device available at present, to improve the per- 
formance of lines against lightning, this discussion is con- 
fined to it. 


17. Theory of Tube Operation® 


Since the protector tubes are to prevent flashover of line 
insulation their discharge voltage must be lower than the 
flashover voltage of that insulation. They must also be 
capable of interrupting the generated follow current. Op- 
eration of protector tubes can be more readily understood 
by first considering the phenomena involved in current 
interruption. After the surge currents are discharged to 
ground, the normal frequency or generated current may 
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follow; so for satisfactory operation, the protector tube 
must recover its insulation strength after generated-our. 
rent zero faster than the system voltage rises This can 
best be explained by considering the recovery voltage on 
simple circuit. 

The circuit shown in Fig. 28 possesses the basic elements 
required to illustrate the transient recovery voltage, fol- 
lowing interruption of fault current. This circuit containg 
lumped constants of LZ, R, and C in such proportion that it 
will have a natural frequency of oscillation. When a fault 
is placed at F and later removed at a normal-current zero, 
an oscillating voltage appears across the condenser. It ig 
composed of the normal-frequency voltage and a voltage 
whose frequency corresponds to the circuit’s natural fre- 
quency. The simplest method of developing the oscillating 
voltage is to consider the generated voltage and oscillating 
voltage separately. At the instant the fault is removed, the 
voltage across the fault must be zero. This condition of 
zero voltage is satisfied if it is assumed that there is a nat- 
ural frequency voltage that appears instantly equal and 
opposite in magnitude to that of the generated voltage. 
The sum of these two voltages Hz is therefore the recovery 
voltage of the circuit. The time to crest of the oscillation is 
approximately proportional to \/LC. Therefore if either 
L or C is increased, the time to the recovery voltage crest 
of the natural-frequency oscillation increases. This con- 
ception is important as the L of the source and C of the 
line differ for different line conditions. Theoretically, the 
natural-frequency voltage starts equal to the generated 
voltage at the instant the fault is removed assuming no 
losses, and oscillates about this voltage as an axis. How- 
ever, losses produce damping and this natural-frequency 
component decays at a rate depending upon the losses in 
the circuit. 

When a protector tube discharges lightning and power 
current follows through the tube, it must have the prop- 
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Fig. 29—-Elements of protector tube operation. 


A—recovery voltage of complex system. 
B, C, D—protector tube insulation recovery curves. 
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erties of changing from a good conductor to a good insu- 
Jator for satisfactory operation. In any interrupting device 
it takes time to establish the insulating characteristics, 
which are commonly called the insulation recovery char- 
acteristics of the device. The interruption therefore starts 
a race between the insulation recovery strength of the 
device and the voltage recovery on the system. Curve A of 
Fig. 29 is the recovery voltage for a more complicated sys- 
tem. Instead of having simple oscillations as in Fig. 28 the 
recovery voltage is now a more complicated function of 
time as the result of a succession of traveling waves on the 
line. 

Curves B, C, and D of Fig. 29 are hypothetical insula- 
tion-recovery curves for a protective device. If the pro- 
tective device has the characteristics shown in Curve B 
and the system recovery characteristics are as shown in 
Curve A, then the interruption will be satisfactory, as the 
insulation recovery of the device is faster than the voltage 
recovery on the system. On the other hand, if the pro- 
tective-device insulation recovery strength is as shown in 
Curve C or Curve D, then the system recovery voltage over- 
takes the insulation recovery strength at second or first 
crest, respectively, restriking will take place, and if this 
occurs at more than two consecutive current zeros, the 
operation is in general not considered satisfactory. It is 
therefore possible to predetermine the operation of tubes on 
a system by comparing the insulation recovery strength of 
the tube and the system recovery voltage. 

The protector-tube insulation recovery curves and the 
voltage recovery curves will differ for each current. For 
a given short-circuit current the protector-tube insulation 
recovery curves also are lower with increased bore. Thus, 
if the protector tube, when new, starts with a character- 
istic such as shown in Curve B, Fig. 30, as it erodes the bore 
will increase and the curve will drop until at Curve C it 
will fail to give satisfactory interrupting characteristics. 
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Fig. 30—Effect of erosion on protector tube operation, 


A—recovery voltage of complex system. 
8, C—protector tube insulation recovery. 
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For this reason the rate of erosion must be considered in 
protector-tube design. Likewise, the same tube will have 
different insulation recovery curves for different current 
magnitudes. Curve A, Fig. 31, may be insulation recovery 
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Fig. 31—Effect of current on recovery voltage of protector tube. 


A—characteristic curve for maximum current—1500 amperes. 
B—characteristic curve for minimum current—500 amperes. 
C—characteristic curve for 1000 amperes, 


strength for maximum current, and the insulation recovery 
strength for minimum current might be of the order of 
Curve B, of this figure. 

It is important that the system recovery voltage curves 
be compared with the insulation recovery strengths of the 
protective device to see that operation will be correct. The 
following discussion will therefore deal with system char- 
acteristics and protector-tube characteristics showing how 
this has been done to arrive at a standard line of protector 
tubes. 


18. Protector-Tube Characteristics 


The requirement that the breakdown voltage of a tube 
must be lower than that of the line insulation naturally 
limits the length of air between the inner electrodes as 
well as limits the length of gap external to the tube, as the 
sum of these two gaps determines the breakdown voltage 
of the device. The external series gap is provided for the 
purpose of withstanding normal impressed voltage to avoid 
possible corona or leakage currents across the protector 
tube itself under normal operating conditions. The im- 
pulse breakdown voltage level of protector tubes is best 
shown in the form of volt-time curves. The characteristics 
of a large number of different voltage ratings for the posi- 
tive 114440 wave are given in Fig. 32. The volt-time 
characteristic of the protector tube is flatter than practic- 
ally all forms of insulators. Thus it can be applied by 
simply comparing the critical voltage of the tube with the 
critical voltage of the insulators to be protected. 

To simplify the application of protector tube, Table 8 
not only shows the discharge level of protector tubes, but 
also includes the minimum string metal-to-metal arcing 


602 


CNS eaeee 
RATED 
ANCE [| vette 


VOLTAGE — KV (POSITIVE ) 


2 4 6 8 10 12 14 #6 18 
MICROSECONDS 


Fig. 32—Volt-time curves of De-ion protector tubes (Positive 
114X40 microsecond wave). 


distance that the tube is expected to protect. These figures 
include a factor of ten percent between the actual discharge 
voltage of the protector tube and the impulse flashover 
voltage corresponding to the dry arcing distance. Suffi- 
cient clearance should be provided between the protector 
tube and the structure to which it is attached to be sure 


TABLE 8 


Protector Tube Impulse Discharge 
Voltage Characteristics 


Tube Discharge” 
Critical Voltage 


eho Representative Number 
Circuit Value Dry Min. Dry Standard 
Volta Be 142X40 Wave Series® Arc Dis- Ins. Dises 
Rating Gap tance Tube] Tube Will 
Inches Will Protect 
Neg. Protect 534. X10” 
Spacing 
13.8 110 4 6” 1 
23 150 155 1% 9” 2 
34.5 200 220 2 1214" 2 
46 260 285 3 
69 375 420 5 
92 475 540 | 8% |.......... 6 
6385 | Il f.....ee... 7 


® Actual Values will vary somewhat, depending on the design and 
mounting of the tube. 

®)These are recommended minimum series gaps. Under no con- 
ditions of operation should the series gap be less than 80% of the 
recommended minimum. 
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that lightning flashover will be confined within the pro- 
tector tube itself. 

The ability of a protector tube to operate‘properly jg a 
function of the insulation recovery characteristics of the 
protector tube for a fixed short-circuit current. This in. 
sulation recovery characteristic varies with the magnitude 
of short-circuit current through the protector tube. These 
properties are illustrated in Fig. 31. Likewise, the insula. 
tion recovery for a given current is dependent upon the 
bore. As the bore of the tube increases in diameter the 
clearing characteristics of the tube undergo a change, the 
effect being to lower the insulation recovery characteristicg 
of the tube with increased diameter. Likewise, the opera- 
tion of the protector tube volatilizes fiber from the tube 
wall with the result that the bore increases with each 
operation. This characteristic necessitates the selection of 
a bore such that after a given number of operations the 
insulation recovery strength of the tube is still high enough 
to permit satisfactory performance. These characteristics 
are illustrated in Fig. 33. 

Actual measurements of the bores of protector tubes 
after years of service show plainly that erosion of the bore 
by repeated operation does not seriously affect tube life. 
On one line of one thousand tubes with ratings of 600 to 
2000 amperes none were found” after five years of service 
to have reached the end of their useful life. A similar 
study” on tubes rated at 1000 to 4000 amperes on a 132-kv 
system showed a total of 63 operations in four years but 
measurements of the erosion of the tubes indicated that the 
bore was still within the manufacturing tolerance used at 
the time of assembly of the device. The rate of erosion 
might be considerably increased if used for the protection 
of disconnecting switches or the like where the tube pro- 
vides the only path for a long length of line. 


MINIMUM CLEARING CURRENT- AMPERES 


100 20 140 
DIAMETER OF BORE IN PERCENT OF ORIGINAL 


Fig. 33—Effect of erosion on minimum current required for 
interruption. 


Time to recovery voltage crest 160 percent normal line to neutral 


A—200 microseconds. 
B—500 microseconds. 
C—1000 microseconds. 
D—2000 microseconds. 
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In general, the protector tube can withstand lightning 
stroke currents of 50 000 to 100 000 amperes on the basis 
of a current wave that rises to crest in 10 microseconds and 
decays to half value in 20 microseconds. Experience to 
date with a large number of tubes shows that the probabil- 
ity of failure from lightning is small, allowing the conclu- 
sion that the impulse discharge capabilities of protector 
tubes are sufficient to withstand all but the most severe 
direct strokes. 

Experience with modern finishes indicates that the tube 
has good weathering characteristics. The exact perform- 
ance will depend on local atmospheric conditions. Period- 
ically applying a good paint to the protector tubes in- 
creases their weather resistance as well as improves the 
electrical characteristics of the exterior. 

The operation of the protector tube results in the ex- 
pelling of ionized gases that must be properly directed to 
avoid flashover from live conductors to ground. Experi- 
ence with the application of a large number of protector 
tubes indicate that this is not a serious requirement, and 
can readily be satisfied with the available mechanical set- 
tings, and arrangements of tubes. When arranging the 
mounting of the protector tube, care must be taken to 
direct the discharged ionized gases so as to avoid flashover 
to another phase or to ground. The length of visible flame 
path as a function of the power current and voltage is 
shown in Fig, 34. Obviously, the circuit voltage and the 
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Fig. 34—Visible flame path as a function of power current and 
voltage. 


A—1500 amperes. 
B—2000 amperes. 
C—5000-6000 amperes. 


protector-tube dimensions should be considered when 
establishing the safe strike distance from the gas envelope 
to the object of different potential. Recoil forces must be 
Considered when designing the mounting hardware. It is of 
importance that the mounting hardware be designed to 
acilitate ease of installation. 

The normal rating of the protector tube is based on a 
Solidly grounded neutral system and any deviation from 
this should be taken into account in the application of the 
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device. Likewise, since current is an important factor in 
the correct operation of this device, the maximum and 
minimum current must be calculated for the range of 
system operating conditions. Such calculations should be 
made for the single, double, and three line-to-ground fault 
currents and naturally the corresponding recovery volt- 
ages must be evaluated. A number of factors will deter- 
mine the magnitude of the currents and the associated 
recovery voltages. For example, the method of grounding 
the neutrals (solid grounding, resistance or reactance 
grounding, or any combination of these), maximum and 
minimum connected capacity (variation in operating con- 
ditions), length of connected circuit or lines in miles, rela- 
tive location of short-circuit current sources, line configura- 
tion and presence of overhead ground wires, tower-footing 
resistance, and protector-tube location. The method of 
making short-circuit calculations will be found in reference 
28. The method of determining recovery-voltage char- 
acteristics of systems has also been defined in the printed 
matter?® 331. For this reason these methods will not be 
reviewed at this time. 


19. Selection of Tube Rating 


In order to facilitate the selection of tubes, Table 9 has 
been prepared. This table shows that if all factors are 
checked for a given application, the selection of the proper 
protector tube is not complicated. The table is prepared 
on the basis of a solidly-grounded neutral system which has 
all sources of short-circuit current solidly grounded. This 
is representative of the type of system found particularly 
at the higher operating voltages. The effect of tower- 
footing resistance is to reduce the current and to reduce the 
magnitude of recovery voltages across the tube. This 
resistance reduces the recovery voltage because of the 
improvement of the power-factor in the circuit, which 
means that at current zero or time of interruption, the 
instantaneous fundamental frequency voltage is of lower 
magnitude than for a pure reactive circuit. However, there 
is a lower limit to which the current can be reduced and 
still have successful operation. 

For practical purposes the effect of system neutral re- 
sistance is similar to the effect of tower-footing resistance 
discussed above. In cases where both neutral grounding 
resistance and tower footing resistance are encountered, 
they should be considered as being in series. Thus the 
same limits apply as pointed out for solidly grounded sys- 
tems with tower-footing resistance alone. If the sum of 
those resistances is such that a single protector tube does 
not have the current range to interrupt both the phase 
currents not limited by resistance and the single line-to- 
ground currents limited by resistance, then the use of four 
protector tubes can be considered where three protector 
tubes of a high current rating are connected in star, and 
the star point connected to ground through a protector 
tube of lower current rating. 

When the system neutral (or neutrals) is grounded 
through reactance, standard protector tubes for solidly 
grounded service can be applied under conditions such 
that the zero-sequence reactance Xp» viewed from the 
protector tube locations is not more than three times as 
great as the positive-sequence reactance X;. When the 
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TABLE 9— RECOVERY VOLTAGE CHARACTERISTICS FOR WHICH 
TUBES ARE DESIGNED 


Bs es Maximum Current 
& Tube urren 
Se ly Uren Mas, Sige Max. Sig- 
3 Rating nificant 1st Crest nificant 
ee Crest, Crest 
ree GS _— 
= = Per- Per- Per- 
B a : cent | Time | cent j ,.. cent | Time 
% | 2 Min.©| Max. | volt. |Micro-| Volt-| 7") Volt- 
wa a age } sec. | age age 
13.8) 10 300 | 1500 | 160 230 | 90| 55} 165} 130 
400 | 3000 ; 160 230 90 35 | 160 120 
600 | 6000 160 200 90 25 | 160 120 
23 15 300 | 1500 | 165 400 73 65 | 165 250 
400 | 3000 165 400 86 45 | 160 190 
600 | 6000 | 165 400 | 94] 30! 158] 190 
34.5] 22.5} 300 | 1500 170 600 65 80 | 165 390 
400 | 3000 | 170 600 | 85 | 60 | 159 | 270 
600 | 6000 | 170 600 | 100 | 50} 156] 270 
46 30 300 | 1500 | 165 800 } 70] 115 | 165 | 530 
400 | 3000 | 165 800 | 90; 80; 159; 370 
900 | 6000 | 165 750 | 105 70 | 153 330 
69 45 400 | 1500 | 165 } 1100} 85 | 180 | 165 | 800 
600 | 3000 165 | 1100 | 105 | 140 | 158 590 
900 | 5000 165 900 } 115 } 100 | 149 490 
92 60 400 } 1500 160 | 1800 88 | 240 | 165 | 1070 
600 | 3000 | 160 | 1300 | 104 | 220 | 157 | 930 
1000 ; 5000 160 {| 1100 | 115 | 180 | 145 760 
115 75 500 | 1500 160 | 1450 90 | 300 | 165 | 1350 
600 | 3000 160 | 1450 98 | 300 ; 156 | 1270 
1000 | 5000 | 160 | 1350 | 105 | 300 | 140 | 1100 
138 90 500 | 1500 | 160 | 1600 90 | 350 | 165 ; 1440 
600 | 3000 |; 160 ; 1600 | 90 | 350 | 155 | 1320 
1000 | 5000 | 160 | 1500 | 90 | 390 | 136 | 1250 


(1) Miles listed are the minimum circuit miles of overhead line con- 
nected or equivalent where the line has a single source of short 
circuit current at one end. Cable should be reduced to the equiva- 
lent miles of overhead line as indicated in Fig. 35. 

(2) When two sources of short circuit current are available, the 
miles of line in Column 2 should be increased by a factor K, deter- 
mined from Fig. 36. If less miles of line between sources are available 
than required by the use of Fig. 36 but more than shown in Column 2, 
then a detailed calculation is necessary for the application. 

(3) Guide for application when minimum current is limited by 
resistance. 

The minimum current rating which is assigned to standard pro- 
tector tubes is based on the short circuit current through the tube 
being limited predominantly by inductive reactance. The protector 
tubes will actually interrupt currents as low as 85 per cent of their 
minimum nameplate rating for circuits 69 kv and above or 70 per 
cent of their minimum current rating for circuits 46 kv and below, 
where circuit resistance (tube grounding resistance) is included, 
provided the calculated minimum current neglecting all resistance 
is equal to or greater than the tube’s minimum nameplate rating. 

(4) Standard Tubes Operating at Reduced Voltage. 

Where the minimum line-to-ground current of the circuit is below 
the minimum current rating assigned to standard tubes, and the 
insulation of the circuit is high enough to permit the use of a tube 


Line Design Based Upon Direct Strokes 


EQUIVALENT MILES OF OVERHEAD 


LINE PER 


MILE OF CABLE 


Syaezw_s 


Chapter 17 


ratio of X> to Xi is greater than this, special consideration 
must be given to the protector tube. However, in many 
cases the protector tube for the next higher voltage rating 
will be applicable. When the protector tubes are used on 
a system using a tuned reactance or using a ground-fault 
neutralizer, the line-to-ground currents should not have 
to be cleared by the tube. Thus protector tubes built for 
line-to-ground voltage can be applied on the basis of the 
line-to-line fault currents only. 

Protector tubes applied on an isolated-neutral system 
must be given special consideration, as the single line-to- 
ground current (charging current) will usually be below 
the minimum current rating for the suggested standard 
tube. In connection with the application of protector 
tubes to isolated-neutral systems consideration should be 
given to the four-tube scheme as such a scheme should ease 
the problem of interrupting charging current. 

To facilitate the selection from a recovery-voltage view- 
point the reactance of the various ratings, in combination 
with a given length of line was set down. Column 2, Table 
9, gives the lower limit of line that should be considered 
without making a detailed calculation. Actually however 
the recovery-voltage characteristics given in the last six 
columns should be taken as the limits for the standard 
protector tube and the recovery voltage for a given applica- 
tion should be less severe than herewith listed. The four 
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Fig. 35—Overhead line equivalent of cable: 


— —— Single conductor 

Three conductor 

For paper insulated cable assumed dielectric constant 3.8 (For 
varnished cambric or rubber insulation multiply by 1.35). 
Overhead line equivalent based on positive sequence capacity, 
susceptance of 6.0 micromhos per mile. 
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having the next higher voltage rating, this higher voltage protector — 
tube will interrupt lower than the listed minimum current. + & 
To determine the minimum current which the protector tube will y 
interrupt when used on a circuit below its voltage rating, multiply 5 3 
the normal minimum current rating of the protector tube by th 6 ne 
ratio of the lower operating voltage on which the device is to Pigg 
used to the normal voltage rating of the protector tubé. This lower : 
value of current can be considered as being limited by reactancs 
only and applied in the same way standard tubes are applied. 
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Fig. 36—‘‘K”’ factor for line with two sources. 


PROTECTOR TUBE “GROUND WIRE 


ee 
GROUND WIRE 


DESIGN USING 
PIN INSULATORS, 
ONE PROTECTOR 
TUBE & GROUND 
WIRE, TWO CROSS 
ARM CONSTRUC - 
TION. 


DESIGN USING 
DISC INSULATORS 
& ONE GROUND 


(a) WIRE. 


(¢) 


PROTECTOR 
TUBE 


DESIGN USING 
PIN INSULATORS 
& ONE PROTEC- 
TOR TUBE, RIDGE 
PIN CONSTRUG- 
TION. 


(b) 


Fig. 37—Protection methods for some typical lines. 
Rotes on the bottom of Table 9 give some rules for applica- 
“ions for other than standard condition. 


20. Correct Operation 


Protector tubes are designed to withstand one operation 
or tubes rated at 5000 and 6000 amperes, two operations 
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RIGHT ANGLE VENT 


PROTECTOR 
TUBES 


OESIGN USING 
TWO PROTECTOR 
TUBES ON WISH- 
BONE CONSTRUC- 
TION WITH 3 DISC 
INSULATORS. 


DESIGN USING 
THREE PROTEC- 
TOR TUBES ON 
WISHBONE CON- 

(a) STRUCTION WITH (b) 
3 DISG INSULATORS. 


DESIGN USING | 
ONE GROUND 

WIRE ON WISH- 
BONE CONSTRUC- 
TION & 3 DISC 
INSULATORS. 


(c) 


Fig. 38—Types of protection for wishbone constructed lines. 


for tubes rated at 3000 amperes, and three operations for 
tubes rated at 1500 amperes, at maximum rated current 
with fully offset current wave after which the protector 
tube will be required to clear two operations at minimum 
rated current and with the associated recovery voltage. 
The tube performance is based on interruption of the cur- 
rent actually obtained during the one test at maximum 
rated current in less than 1/60 second and the minimum 
rated current in less than 1/40 second. 

The maximum symmetrical nameplate rating in Table 9 
is based on the maximum crest current that the tube will 
stand divided by a factor of not less than 2.5 to take into 
account the effect of asymmetry. The minimum sym- 
metrical rms current rating is based on the minimum crest 
current divided by 1.41 to convert to rms amperes. 

Service experience shows that systems using protector 
tubes should not have relay settings less than two cycles. 
Where relays have a shorter operating time, it will be 
necessary to introduce a delay to prevent unnecessary 
circuit outages. The best possible protection is secured 
when all insulation structures on the line are protected. 
When some are not protected, the degree of lightning pro- 
tection will be decreased, the degree of protection depend- 
ing on span length, insulation strength, ground resistance 
and tube breakdown. 
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Fig. 39—Design of single- and double-circuit pole tops. 


In applying tubes it is necessary simply to observe the 
limits as far as 60-cycle currents are concerned and see 
that the breakdown of the tube is lower than the insulator 
to be protected. Clearances, of course, should be adequate 
to assume that the surge will flow through the tube rather 
than over the insulator structure. A large number of 
arrangements have been used. 


21. The Conductor—A Ground Wire 


On many miles of line now in operation improved per- 
formance would be desirable. The construction of Fig. 37 
(d) has been used extensively and the outages will be high. 
In some cases a ground wire is used on the spare space on 
the upper crossarm, Fig. 37 (a), but even with low ground 
resistance there is an even chance that lightning will strike 


the upper conductor instead of the ground wire. The sim- 
plest method of correcting this difficulty, if a ground wire 
is present, is to install a protector tube on the insulator on 
the upper crossarm, Fig. 37 (a). The lower arm is now 
shielded and fair performance will be obtained depending 
on the length of crossarm and value of ground resistance. 
If no ground wire is present the cheapest and most ef 
fective method of reconstruction would be to remove the 
upper crossarm, install an insulator on the top of the pole 
with a protector tube as shown in Fig. 37 (b). Again, 82 
extension to the pole can be considered as in Fig. 37 (0 
but usually this is difficult and expensive. Suggestions for. 
reconstructing a line built of the wishbone type of Laas) 
struction are given in Fig. 38. ¥ 


¥. 
In building a new low-voltage line where low ground ae : 
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Fig. 40—Curves showing required location of protector tubes. 


A-—single-circuit pole line. B—double-circuit pole line. 


sistances are expected the construction of Fig. 37 (b) will 
no doubt be the most economical. If high resistances are 
Present it will be necessary to use three tubes per pole. 
The spacing of the tubes will be dependent on span length 
and ground resistance. A large amount of line has been 
built in accordance with the construction of Fig. 37 (b). 
The details of construction and the factors used by Public 
Service of New J ersey were covered in a paper “Lightning 
Protection of Wood Pole Lines 40-22” by Sels and Goth- 
berg presented at the A.I.E.E. Midwinter Convention, 
1940. Figs. 39 and 40 show the data presented and are 
given here as they represent practice with which there has 
en experience. Although the curves are applicable for 
the 26-kv circuits they can be used to approximate the de- 
‘ign proportions for lines up to 66-kv as the only difference 
ould be in the pin-type insulation used. As the curves 
Show, the lower the ground resistance, the more effective 
the scheme. The curves in Fig. 4 can also be used for esti- 
Mating the possible performance on the basis that the 
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|] upper wire is a ground wire. Fig. 41 illustrates a number 


of methods of mounting protector tubes. 
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INSULATION COORDINATION 


Original Authors: 
A. C. Monteith and H. R. Vaughan 


sulation of electrical equipment and circuits with the 
characteristics of protective devices such that the in- 
sulation is protected from excessive overvoltages. Thus in 
a substation the insulation of transformers, circuit break- 
ers, bus supports, etc. should have insulation strength in 
excess of the voltage levels that can be provided by pro- 
tective equipment such as lightning arresters and gaps. 
The determination of the economic relationship between 
the impulse strength of equipment insulation and pro- 
tective voltage level provided by protective devices has 
received and continues to receive a great amount of study. 
The basic concept of insulation coordination is illustrated 
in Fig. 1. Curve A is the demonstrated impulse strength 
of the insulation on a piece of electrical equipment which 
in operation is exposed to the hazards of lightning surges. 
Curve B is a protective level afforded by a valve type 
lightning arrester. Thus any insulation having a withstand 
voltage strength in excess of the insulation strength of 


[: SULATION coordination is the correlation of the in- 


KV-CREST 


MICROSECONDS 


Fig. 1—Protection of insulation with characteristic of ‘‘A’’ by 
protective device with characteristic of ‘‘B.’’ 


Curve A is protected by the protective device of Curve B. 
To protect insulation from excessive voltages the pro- 
tective device must have a lower breakdown voltage. 
The insulation of electrical equipment in a station or 
substation is subject from time to time to momentary over- 
voltages that may be caused by system faults, switching 
surges or lightning surges. Except for special cases, over- 
voltages caused by system faults or switching do not cause 
damage to equipment insulation although they may be 
detrimental to protective devices. Overvoltages caused by 
lightning are of sufficient magnitude to flashover or break- 
down equipment insulation and are therefore the most 
troublesome and of greatest concern to the manufacturers 
and operators of electrical equipment. Great strides have 
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been made during the past 20 years in improving the de. 
sign of power systems and equipment with the result that 
failure of major electrical equipment insulation is rare. 

The problem of providing insulation properly coordi. 
nated with protective devices involves not only guarding 
the equipment insulation, but also the protection of the 
devices themselves. To prevent damage to an arrester or 
protector tube, each should be applied on a system in such 
a way that it will discharge the excessive voltage safely to 
ground after which it will cease to carry current to ground, 
Thus the arrester or tube must protect the equipment 
insulation and be capable of restoring itself as an insulator 
against whatever system voltages might exist across it to 
ground. The voltage to ground is determined for a system 
of given voltage largely by the method used for system 
grounding, the maximum voltage to ground usually being 
during the existence of a phase-to-ground fault. Rod gaps 
do not seal off after being flashed over and therefore the 
circuit, must be disconnected from the system to clear gap 
breakdowns. 


I, HISTORY 


Coordination of insulation was not given serious con- 
sideration until after the first World War, mainly because 
of lack of information on the nature of lightning surges and 
the surge strength of apparatus insulation. Since concrete 
data were lacking on the actual surge strength of insulation 
or the discharge characteristics of protective equipment, 
early attempts at coordination were rule-of-thumb methods 
based on experience and individual eas The result was 
that some parts of the station were over-insulated while 
others were under-insulated. Also, the gradual increasing 
of line insulation in an attempt to prevent line flashovers 
subjected the station equipment to more severe surges) 
and in many cases line flashovers were eliminated at the ex- 
pense of apparatus failures. Growth of power systems, de- 
mands for improved power service, and more economl¢ 
system operation focused more and more attention on the 
problems of surge voltages, adequate insulation, ani its 
protection. : af 

Thus during the period from about 1918 to 1930 con 
siderable work was done by individual investigators a2 
laboratories in collecting data on natural lightning a i 
developing insulation testing methods and technique, . 
Although progress was seemingly slow, it resulted in af 
knowledge of the nature of lightning surges and the esta! 
lishment of universal surge producing and measuring 
vices. Very little correlation between laboratories bh 
attempted during that period. ‘ae 

In 1930, the NEMA-NELA Joint Committee on 
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Jation Coordination was formed to consider laboratory 
testing technique and data, to determine the insulation 
jevels in common use, to establish the insulation strength 
of all classes of equipment, and to establish insulation 
jevels for various voltage classifications. After ten years 
of study and collection of data this schedule was fairly well 
completed. Numerous articles in trade magazines show 
the results. In a report dated January 1941', the com- 
mittee, now known as the Joint AIEE-EEI-NEMA Com- 
mittee on Insulation Coordination, rounded out the pro- 
gram by specifying basic impulse insulation levels for the 
different voltage classifications. 

Test specifications for apparatus are prepared on the 
basis of demonstrating that the insulation strength of the 
equipment will be equal to or greater than the selected 
basic level and the protective equipment for the station 
should be chosen to give the insulation meeting these 
levels as good protection as economically justified. 


II. BASIC INSULATION LEVELS 


Several methods of providing coordination between in- 
sulation levels in the station and on the line leading into 
the station ?? have been offered. The best method is to 
establish a definite common level for all the insulation in 
the station and bring all insulation to or above this level. 
This limits the problem to three fundamental requirements, 
namely, the selection of a suitable insulation level, the 
assurance that the breakdown or flashover strength of all 
insulation in the station will equal or exceed the selected 
level, and the application of protective devices that will 
give the apparatus as good protection as can be justified 
economically. 

Data collected from utility systems during the early 
work on insulation coordination provided existing insula- 
tion levels. The data collected (60-cycle wet flashover 
characteristics measured in terms of equivalent gap spac- 
ing) fell within well defined limits. The upper limit cor- 
responded to about ten times Z, at the upper end of the 
curve and to about six times Ey, at the lower end of the 
curve, E, being the system voltage-to-neutral. The lower 
limit lay on a curve about four times E, for systems 46 kv 
and below and about three times E, for systems 69 kv and 
above. These data together with impulse. characteristics 
of insulation obtained in the field and laboratory provided a 
basis for establishing insulation levels. Impulse test lev- 
els, in terms of inches of gap, were therefore, selected that 
represented a medium between the upper and lower limits 
defined above and that fell within the scope of available 
Protective devices. As laboratory technique improved so 
that different laboratories were in close agreement on test 
Tesults, the test levels were expressed in kilovolts corre- 
Sponding to the test gaps, based on a 1144X40 microsecond 
Positive wave, which is illustrated in Fig. 5(a). The basic 
levels were expressed on a 50-50 flashover basis, that is, 
Values in kv crest corresponding to gap spacings giving 
50 percent flashover and 50 percent full wave when sub- 
lected to 14440 positive impulse. Recognizing that it 
Was not practical to subject most types of apparatus to 
4 series of flashover tests to demonstrate their insulation 
levels, a minus tolerance of five percent was allowed in 
the definition of basic levels to permit a practical test 


TABLE 1—Basic IMPULSE INSULATION LEVELS 


Column 1 Column 2 Column 3 
Reference Standard Basic Reduced 
Class Impulse Level Insulation Levels 
Kv Kv In Use-Kv 
1.2 30* 45t 
2.5 45* 60t 
5.0 — 60* T5t 
8.7 15* 95+ 
15 95* 110+ 
23 150 
34.5 200 
46 250 
69 350 
92 450 iia 
115 550 450 
138 650 550 ~ 
161 750 650 
196 _ 900 as 
230 1050 900 
287 1300 
345 1550 


*For distribution class equipment. 
+¥For power class equipment. 


demonstration of acceptability of equipment. Finally, 
in January, 1941!, the Joint ATEE-EEI-NEMA Com- 
mittee adopted basic insulation levels (Table 1) in terms 
of withstand voltages according to the following definition: 


“Basic impulse insulation levels are reference levels expressed 
in impulse crest voltage with a standard wave not longer than 
14X40 microsecond wave. Apparatus insulation as demon- 
strated by suitable tests shall be equal to or greater than the 
basic insulation level.’ 


This requires that apparatus conforming to these levels 
shall have a withstand test value not less than the kv 
magnitude given in the second column of Table 1. It was 
also understood that apparatus conforming to these re- 
quirements should be capable of withstanding the specified 
voltage whether the impulse is positive or negative in 
polarity. Atmospheric conditions at time of test should 
be taken into consideration. 

The values in Table 1, column 2 were selected initially 
as the standard basic impulse insulation levels (BILs) to 
be applied regardless of how the system was grounded. 
Systems ungrounded or grounded so as to allow full dis- 
placement of the neutral during line-to-ground faults re- 
quire lightning arresters based on the full line-to-line volt- 
age of the system. If the system is grounded solidly or so 
as to limit the. line-to-ground voltage during ground faults 
(Xo/X1S3).the so called 80-percent arrester can and has 
been used. Thus in some of the voltage classes of 115 kv 
and above a number of systems have used, with solid 
grounding, equipment having insulation with BILs one 
class lower, as shown in.Table-1,column 3. 

“On some solidly-grounded systems where the ratio X0/X1 
is equal to about one or less, the one class lower BIL has 
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been used with 75 percent arresters with satisfactory expe- 
rience. Asa result of this experience, better overall under- 
standing of the problem, and the economy of reducing 
BIT. in the higher voltage classes, particularly on trans- 
formers, the Joint ATEM-EEI-NEMA Committee on In- 
sulation Coordination is studying the possibility of re- 
ducing the BIL figures (for Xo/X11.0) to lower values 
than those shown in Table 1, column 3. Another reason 
for giving serious consideration to reducing the BIL for 
solidly-grounded systems is that there are many old trans- 
formers in service with insulation levels below that given 
in Table 1, column 3 which have given twenty or more 
years of service without failure. Thus, since the first group 
of BILs was adopted in 1941, the manner in which the 
system is grounded has been brought into the picture with 
the result that lower BIL equipment can be protected, 
thereby enabling systems to be built to do the same job 
at less cost. 


1. Selection of Basic Impulse Insulation Level 


The basic impulse insulation level should be selected 
which can be protected with a suitable lightning protective 
device. The best protection is provided by modern type 
lightning arresters.. The spread or margin between the 
BIL and the protective device, allowing for manufacturing 
tolerances, is an economic consideration that must balance 
the chances of insulation failure against the cost of greater 
insulation strength.. When using lightning arresters the 
economic factor may be one of greater risk to the arrester 
than to the equipment insulation. The arrester can be 
applied so that it will protect the insulation but may under 
certain extreme conditions, usually unlikely, be subjected 
to sustained rms overvoltages against which it cannot re- 
cover. Practice has been to apply arresters so that they 
have an rms voltage rating of at least five percent above 
the maximum possible rms line-to-neutral voltage under 
any normal or expected fault condition. The BIL of the 
equipment insulation must therefore be higher than the 
maximum expected surge voltage across the selected 
arrester. 

To illustrate one method for selecting the BIL of a trans- 
former to be operated on a 138-kv system, assume the 
transformer is of large capacity and wye connected on the 
138-kv side. The transformer is solidly grounded and the 
impedance ratios at the transformer terminals are such 
that X0/X1=2.0; Ro/X,:=1.0, R,/X,=0.1, R,=R, and 
X,=X». For these conditions the maximum voltage to 
ground at the transformer terminals during any type of 
system fault for any fault resistance is 74 percent of nor- 
mal phase-to-phase voltage as obtained from Fig. 29 (b). 
Allowing five percent for system overvoltage, the arrester 
rms voltage rating should be (1.05)(74) or 77.7 percent 
which is (77.7)(188) or 107.2 kv. Thus an arrester of 
109 kv, which is the closest standard rating, would be re- 
quired. Curve A in Fig. 2 is the characteristic of a 109-kv 
station valve-type arrester for an assumed 1020 micro- 
second wave of 5000 amperes and a plus tolerance of 15 
percent on the average impulse sparkover and a plus tol- 
erance of 10 percent above the average drop across the 
arrester. Assuming a 15 percent margin plus 35 kv between 
the 400 kv and the required BIL of the transformer insu- 
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Fig. 2—Coordination of transformer insulation with arrester 


characteristic. 
Curve A—109-kv station-type SV arrester—maximum Voltage 
for 5000-ampere 10 x 20 current wave. 
Curve B—Transformer insulation withstand charactcristic, 


lation gives 495 kv. Since this value is under the standard 
of 550 kv, this value can be applied as shown on Curve B 
of Fig. 2. Based on the recommended application valuog 
for voltage drop across the 109-kv arrester for a 5000- 
ampere surge 388 kv instead of 400 kv can be used, which 
gives additional margin of protection in 95 percent of 
the cases. 

Direct lightning strokes in general have a high rato of 
voltage rise (1000 to 10 000 kv per microsecond) and high 
current values (5000 to 200 000 amperes). Such strokes 
may occur at any point on exposed structures whether 
they are lines or stations. The severity of the surges on 
station insulation and protective devices largely depends 
on whether or not adequate shield wires are placed abovo 
the structures to intercept the lightning and conduct it to 
ground. Without overhead ground wires at stations, direct 
strokes may damage protective devices, thus leaving equip- 
ment insulation without adequate protection.. Surges that 
originate as direct strokes on the line and propagate into 
a station are by far the most common! but are generally 
easily by-passed to ground by the lightning-protective de- 
vice. Overhead ground wires above open-wire circuits re 
duce the number of strokes that reach the phase conduc- 
tors as discussed in Chapter 17. 

The nature of lightning strokes and the propagation of 
surges are explained in detail in Chaps. 15 and 16. Tho 
characteristics of traveling surges at the station depend 
upon the nature of the direct stroke as it originates on 
the phase conductors, the distance between origin al 
station, the insulation and electrical characteristics of tho 
line, and the capacitance of the equipment in the station. 
The surge is attenuated as it travels by corona loss an 
skin effect, and is distorted by reflection at the station. 
The capacitance of the station equipment charged through 
the inductance of the line from the point where the surge 
originates to the station has the effect of sloping off the 
front of the surge wave. : 

The magnitude of the surge voltage that can be 
pressed on electrical equipment is not determined by the ne 
system operating voltage so there is some argument ag@ : 
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associating impulse levels directly with operating voltages. 
However, low-voltage lines are not as highly insulated as 
higher voltage lines so that lightning surges coming into 
the station would normally be much less than in a higher 
voltage station because the high-voltage surges will flash 
over the line insulation and not reach the station. Also, 
the lower operating voltage permits the use of protective 
devices with lower discharge characteristics. The insula- 
tion necessary for high operating voltages inherently 
provides high impulse strength. The impulse levels shown 
in Table 1, therefore, can be obtained with the -correspond- 
ing operating voltage class without exceeding reasonable 
design proportions. 


III. SURGE TESTING 


The determination of the impulse strength of the various 
insulations is generally done by an adaptation of the surge 
generator devised by Dr. Emil Marx in Germany. It con- 
sists essentially of a group of condensers, spark gaps, and 
resistors so connected that the condensers are charged in 
parallel from a relatively low-voltage source and dis- 
charged in series to give a high voltage across the test 

iece. 
: The only oscillograph available until quite recently for 
measuring, waves of as short duration as lightning surges 
was the cathode-ray oscillograph devised by Dufour. This 
oscillograph was improved by Norinder through the addi- 
tion of a simple cathode-ray beam control, and today this 
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the Norinder device, the wave shape is recorded on the 
film in its entirety. 

A typical diagram of impulse-testing equipment is shown 
in Fig. 3. The capacitors, usually rated 100 kv each, 
making up the surge generator are charged in parallel 
through resistors. When the charge on each condenser 
reaches the predetermined breakdown voltage of the sphere 
gaps separating the condensers, the sphere gaps flash over 
thereby connecting all the condensers in series. One ter- 
minal of the capacitor bank is normally grounded. The 
other terminal must be insulated from ground to with- 
stand the full magnitude of the discharge voltage. A volt- 
age impulse of either positive or negative polarity can be 
obtained by connecting the charging circuit to give the 
desired polarity. The potential divider shown supplies a 
reduced voltage to the oscillograph proportional to the 
test voltage. 

The shape of the impulse wave applied to the test speci- 
men is determined by the constants (resistance, induct- 
ance, and capacitance) of the discharge circuit, some of 
which are inherent in the capacitors and leads and some 
of which are added externally. A typical laboratory in- 
stallation of impulse-testing equipment is shown in Fig. 4 


2. Wave Shape 


It became evident in the early stages of surge testing 
that it would be necessary to standardize on test wave 
forms in order to establish insulation levels on a common 
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Fig. 3—Typical diagram of impulse testing equipment. 
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Fig. 4—Typical impulse laboratory. Sharon Works of West- 
inghouse Electric Corporation. 


wave shape is to give the time in microseconds for the 
impulse to reach crest followed by the time in microseconds 
for the wave to reach half magnitude. Fig. 5 (a). 

For practical reasons a virtual zero time point is estab- 
lished at 0; and determined by a line drawn through the 
0.3E and 0.9E points in the wave front. For example, 
a 14X40 microsecond wave would have an 0,2, value_of 
I} microseconds and an 0,24 value of 40 microseconds. In 
transformer testing where the time to crest is not easily 
determined, it is taken as two times the interval between 
the 0.3# and 0.92 points on the wave front, that is rox. 

The 1X5 and 1X10 microsecond waves, and other wave 
shapes, have been used occasionally in testing insulation. 


VOLTAGE 


/ GRITICAL FLASHOVER 


Insulation Coordination 


~ Chapter 1 


However, the 14X40 microsecond wave, either POsitive 
or negative, has now been accepted as standard because 
it simulates the more severe full wave lightning surges and 
because it can be obtained readily with the surge genera. 
tor. The effect of lightning surges of shorter duration can 
be simulated with this wave by chopping at short times, 


3. Volt-Time Curve 


The breakdown voltage of insulation or the flashover 
voltage of a gap, particularly the latter, will vary with 
the length of time voltage is applied. The so-called volt. 
time curve is a graph of crest flashover voltages plotted 
against time to flashover for a series of impulse applica. 
tions of a given wave shape. The construction of the 
volt-time curve and the terminology associated with im. 
pulse testing are shown in Fig. 5 (b)*. The critical or 
minimum flashover voltage is the crest voltage of the wave 
that will just cause flashover on the tail of the wave, that 
is, it will cause flashover for 50 percent of the applications, 
and for the other 50 percent of the applications there wi)] 
be a full wave (no flashover). 

The figure also shows the relation of the critical with- 
stand voltage. To obtain the magnitude of the voltage, 
the applied voltage is reduced to just below the disruptive 
discharge of the test specimen. The rated withstand volt- 
age is the crest value of the impulse wave that the appa- 
ratus will stand without disruptive discharge. 


4. Effect of Atmospheric Conditions 


The flashover characteristics of insulation in air varies 
with atmospheric conditions. In general, flashover volt- 
ages vary inversely with temperature, directly with baro- 
metric pressure, and directly with absolute humidity. Test 
data obtained under various actual weather conditions are 
usually corrected to the American standard conditions 
which are: 

Temperature, 77°F. 
Barometric pressure, 29.92 inches of mercury 
Humidity, 0.6085 inches of mercury / 
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Fig. 5— Wave shape. 


(a) An impulse testing wave illustrating methods of designating significant characteristics of the wave. (b) Serics of impulse waves 
illustrating the terminology and definitions associated with impulse voltage testing. 
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Fig. 6—Humidity correction factors for flashover voltages of 
gaps, insulators and bushings, based on data from several 
laboratories. 


Temperature and barometric pressure are usually com- 
bined into a single factor known as relative air density 
according to the following relation which is unity for 
standard atmospheric conditions: 


17.95 x Bar. Pressure (inches) 
460+Temp. °F. 


The chart shown in Fig. 64 has been accepted, based 
on an accumulation of test data, as giving correction fac- 
tors for humidity conditions. The measured test voltage 
is then corrected by dividing by the relative air density 
defined above and multiplying by the humidity factor 
obtained from these curves. 


Relative Air Density = 


TABLE 2— TENTATIVE AIEE STANDARD ON INSULATION TESTS 
For INDoor AIR SWITCHES, INSULATOR UNITS AND Bus SUPPORTS 
Withstand Voltage—Kv 
et pn oreinengerees 


Low Freq. Impulse 
ee 1 Min. 1.5X40 Full Wave 
: Dry (Pos. or Neg. Dry) 
2.5 15 45 
5.0 19 60 
7.6 26 15 
15 L* 36 95 
15H 50 110 
a 60 150 
ee 80 200 
Se ere Sn (ee Oy APR ee 


*The 15 L rating 


j ; is intended to match other apparatus on which the. 36-95 test 
evel is specified. : 
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Fig. 7—Impulse flashover characteristics of standard rod gaps. 
Long spacings for 114 x 40 wave at 77°F., 30-inch barometric 
and 0.6085-inch vapor pressure. 

(a) Positive waves. 
(b) Negative waves. 


The AIEE-EEI-NEMA Subcommittee on Correlation 
of Laboratory Data have published a paper giving a sum- 
mary of recommended standard definitions and methods 
applying to high-voltage testing’. These recommendations 
are now generally followed by the industry. 


5. Flashover Characteristics of Rod Gaps and In- 
sulators 


Because of laboratory differences in test results on ap- 
paratus msulation in the early days of impulse testing, the 
rod gap was selected as a yard stick of insulation strength. 
Because different types of gaps gave different results, a 
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Fig. 8—Impulse flashover characteristics of standard rod gaps. 
Short spacings for 114 x 40 wave at 77°F., 30-inch barometric 
and 0.6085-inch vapor pressure. 


(a) Positive waves. 
(b) Negative waves. 
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TABLE 3— TENTATIVE AIEE STANDARD ON INSULATION TESTS FOR 
OuTpoor AIR SWITCHES, INSULATOR UNITS AND BuS SUPPORTS 
Withstand Voltage—Kvy 


Voltage Low Freq. Low Freq. Impulse 
Rating 1 Min. 10 Sec. 1.5X40 Full Wave 

Kv (Dry) (Wet) (Pos. or Neg.) 

7.5 36 30 95 

15 50 45 110 

23 70 60 150 

34.5 95 80 200 

46 120 100 250 

69 175 145 350 

92 225 190 450 

115 280 230 550 

138 335 275 650 

161 385 315 750 

196 465 385 900 

230 545 445 1050 

287 680 555 1300 

345 810 665 1550 


standard gap was established. The following defines the 
standard rod gap'. 


“The rod gap shall consist of two, 0.5 inch square-cornered 
square-cut rods spaced co-axially and overhanging their sup- 
ports at least one-half the gap spacing. The rods shall be 
mounted on standard apparatus insulators giving a height of 
gap above the ground plane of 1.3 times the gap spacing plus 
four inches, with a tolerance of +10 percent.” 


Laboratory technique is now developed to the point that 
apparatus insulation levels can be expressed in terms of 
voltage. However, the rod gap is still sometimes used 
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Fig. 9—Impulse flashover characteristics of 40-inch standard 
and vertical rod gaps, wet and dry, for 114 x 40 waves, water 
0.2 in. per min., 1350 ohms per cubic inch. 

(a) Positive waves. 

(b) Negative waves. 

A—Average curve for standard rod gaps. 
B—Test curve for 40-inch standard gap. 
C—Standard gap, wet test. 

D—Vertical gap. 

ii—Vertical gap, wet test. 
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c) 10 20 30.040 50 60 70 
SPACING—INGHES 
Fig. 10—Sixty-cycle and critical impulse flashover voltages of 
standard rod gaps, averaged by the AIEE, EEI, NEMA Sup. 
committee from results of tests from several laboratories, 
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Fig. 11—Impulse flashover characteristics of suspension insu- 
Jators for 14% x 40 waves at 77°F., 30-inch barometric and 
0.6085-inch vapor pressure. Relative air density =1.0. 

(a) Positive waves. 
(b) Negative waves. 
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Fig. 12—Sixty-cycle flashover of suspension insulators show" 
in Fig. 11. 


Dry: relative air density =1.0. humidity =0.6085. _ 
Wet: precipitation =0.2 in. per min. * 
resistance of water =7000 ohms per cubic inch. 
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Fig. {3—Impulse flashover characteristics of particular types of apparatus insulators on positive and negative 14 x 40 waves 
at standard air conditions. 


(a) 7.5 kv class. 
(b) 15 kv class. 


so that information on its flashover characteristics is 
useful. 

Suspension and apparatus insulators play an important 
part in the coordination of station equipment, not only in 
establishing the insulation level but also in determining 
the magnitude of surges entering the station. Suspension 
insulators are generally made up of at least three ten- 
inch units in a string, spaced 53 inches apart. Apparatus 
insulators can be either the pedestal type or the so-called 
post type. 

A complete résumé of impulse and 60-cycle flashover 
characteristics of rod gaps and insulators was published 
by P. H. MeAuley®. For convenience some of these data 
are reproduced in Figs. 7 to 17. Figure 9 is of particular 
interest in that it shows the effect of mounting and at- 
mospheric conditions on the flashover characteristics of 
rod gaps. 

The voltage distribution across strings of standard sus- 
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Fig. 14—Impulse flashover characteristics for 88 kv class, 
“unit column for positive and negative 1% x 40 waves at 
standard air conditions. 


(c) 23 kv class. 
(d) 34.5 kv class. 


(e) 46 kv class. 
(f) 69 kv class. 


pension insulators of various lengths is given in Fig. 18. 
The data for 10 to 18 insulators were obtained by labora- 
tory tests by Sorensen”, 

Table 2 gives data from a Tentative AIEE standard 
on the 60-cycle and impulse withstand characteristic for 
indoor air switches, insulator units and bus supports. 
Table 3 gives similar data for corresponding outdoor in- 
sulation. 


(0) (b) 


Fig. 15—Impulse flashover characteristics of two to seven 
units, apparatus insulators, for 1144 x 40 waves at standard 
air conditions. 


(a) Positive waves. 
(b) Negative waves. 
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Fig. 16—Impulse flashover characteristics of particular sizes 
standard a 
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Since the voltage-time curves for various types of insu- 
lators are not available from the standards, the curves in 
Figs. 13, 14, 15, 16, and 17 are given even though some 
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Fig. 17—Impulse flashover characteristics of line-post insula- 
tors for positive and negative 114 x 40 waves at standard air 
conditions. 
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of pin type insulators for positive and negative 114 x 40 waves at 
ir conditions. 


of the insulators shown do not meet the required impulse 
withstand voltage. 


6. Impulse Characteristics of Transformer Insu- 
lation 


Because a power transformer is usually the most expen- 
sive equipment in a station and because its failure may 
mean a lengthy and costly outage, it is investigated most 
critically from an insulation standpoint. ; 

The impulse level of a transformer can be determined 
by the breakdown voltage of the major internal insulation 
(insulation to ground), the breakdown voltage of the mmor 
insulation (insulation between turns and windings), 22¢ _ 
the flashover voltage of the bushings, or a combination ~ | 
of these. The impulse characteristic of the internal 1nsU",..’ 
lation in a transformer differs from flashover in air in two j 
main respects. First of all, the impulse ratio (the rat! 
of minimum breakdown on impulse to breakdown oD ag 
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Fig. 18— Power-frequency voltage across each unit in an insu- 

lator string starting with insulator No. 1 on the grounded end 

of the string. Insulator No. 5 in a string of 10 has 7 percent 

of the total string voltage. (Without grading rings except 
where noted.) 


cycle peak) is higher, being from 2.1 to 2.2 for trans- 
former insulation, whereas, it is 1.5 or less for rod gaps, 
insulators, bushings, etc. Secondly, the impulse break- 
down of transformer insulation does not vary as much 
with time as seen from a typical volt-time curve, shown 
in Fig. 19". After three microseconds the breakdown volt- 
age is substantially constant. 

The insulation stress between turns or between coils 
in a transformer is dependent largely upon the steepness 
of the surge wave front. It may be further aggravated by 
oscillations within the transformer or by a “piling up” of 
the surge voltage in a small portion of the winding. (See 
Fig. 207.) Modern transformers are designed, however, so 
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Fig. 19—Volt-time curve of typical major insulation in trans- 
formers. 
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Fig. 20—Effect of wave front on initial voltage distribution in 
some types of transformer windings. 


that the minor insulation meets all the requirements of 
applied impulse tests. To demonstrate this, modern trans- 
formers usually must be capable of passing a chopped wave 
test of a higher voltage crest than the full wave test. This 
chopped wave is produced by flashover of a gap or bushing 
in parallel with the transformer insulation. The standard 
impulse tests for transformers, regulators, and reactors for 
the different voltage classifications as standardized by the 
American Standards Association C 57 are as follows: 
Standard impulse tests consist of two applications 
of a chopped wave followed by one application of a 
full wave. Hither positive or negative waves may be 
used. 
(a) Chopped-Wave Test 
(1) For this test, the applied voltage wave shall 
have a crest voltage and time to flashover in 
accordance with Table 4. 
(2) The chopped wave shall be obtained by flash- 
over of a suitable air gap. 
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Fig. 21—Typical volt-time curve of transformer winding and 

bushing (heavy solid line represents the overall volt-time 

curve of transformer, to be used when protecting against 
lightning surges). 
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TABLE 4—STANDARD IMPULSE TESTS FOR TRANSFORMERS, REGU- 


LATORS, AND REACTORS 


Impulse Tests 


Oil-Type Transformers 500 | Oil-Type Transformers over 
Kvaor Less—Oil-TypeIn-| 500 Kva — Oil-Type Reg- 
strument Transformers—| ulating Transformers — 
Oil-Type Constant-Cur-| Oil-Type Current Limit- 
rent Transformers—Step| ing Reactors—Step and 
and Induction Voltage| Induction Voltage Regu- 
Thala: Regulators 250 Kva or/ lators Over 250 Kva Sin- 
Sigal Less Single-Phase and 750| gle-Phase and Over 750 
ieee! Kva or Less Three-Phase Kva Three-Phase 
Ky 
Chopped Wave eet Chopped Wave oe 
Min Min 
Time Time 
Kv |toFlash-| Kv Kv |toFlash-| Kv 
Crest | overin | Crest | Crest | overin | Crest 
Micro- Micro- 
seconds seconds 
1.2 36 1.0 30 54 1.5 45 
2.5 54 1.25 45 69 1.5 60 
5.0 69 1.5 60 88 1.6 15 
8.66 88 1.6 75 110 1.8 95 
15 110 1.8 95 130 2.0 110 
25.0 175 3.0 150 175 3.0 150 
34.56 230 3.0 200 230 3.0 200 
46.0 290 3.0 250 290 3.0 250 
69.0 400 3.0 350 400 3.0 350 
92 520 3.0 450 520 3.0 450 
115 630 3.0 550 630 3.0 550 
138 7150 3.0 650 750 3.0 650 
161 865 3.0 750 865 3.0 750 
196 1035 3.0 900 1035 3.0 900 
230 1210 3.0 1050 1210 3.0 1050 
287 1500 3.0 1300 1500 3.0 1300 
345 1785 3.0 1550 1785 3.0 1550 


(b) Full-Wave Test 
For this test, the applied voltage wave shall 
have a crest value in accordance with Table 4. 
(c) Excitation During Impulse 
During the impulse test if the transformer is 
excited at normal voltage and frequency, the 
impulse shall be timed within 30 electrical de- 
grees of the crest of the normal frequency volt- 
age of opposite polarity. 
The test values for the different voltage classifications are 
shown in Table 4. 

Since the bushing represents a vital portion of the trans- 
former insulation, its impulse flashover must be carefully 
considered in establishing the transformer insulation lev- 
els. The standard withstand voltage tests for apparatus 


bushings as given in ASA C 76 Standard 1943 are listed 
in Table 5. 
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TABLE 5—STANDARD WITHSTAND TEST VOLTAGES FOR APPARATUS 
BUSHINGS 


\ 


es 
Impulse Test 
Low Frequency Test 1.540 Micro- 
RMS Kv (2) second Full Wave 
Crest Kv (2, 4) 
Taedas Outdoor Bushings 
Per In- Outdoor 
SS8111= Large Small door | Bushings 
cation Apparatus | Apparatus | (7) In- 
(1) (5) (6) Bick: door 
Ky is 2 ae (7) 
: Bush- 
aa Large |Small ings 
1 Min] 10Sec| 1 Min10Secl pry |. | { 
Dry | Wet | Dry | Wet P D- 
para- | para- 
tus tus 
1.2 10 6 - Sg 30 at 
2.5 21 20 15 13 20 60 45 45 
5.0 27 24 21 20 24 75 60 60 
8.7 35 30 27 24 30 95 15 75 
15 50 45 35 30 | 50(8)) 110 95 |110(8) 
23 70 60 70 60 60 150 150 150 
34.5 95 80 95 80 80 200 200 200 
46 120 | 100 | 120 | 100 250 | 250 
69 175 145 175 } 145 350 350 
92 225 190 225 190 450 450 
115 280 230 | 280 | 230 530 550 
138 335 275 335 275 650 650 
161 385 315 385 315 750 750 
196 465 385 465 385 ar 900 900 
230 545 445 | 545 445 .. |1030 11050 
287.5 680 555 680 5d st 1300 | 1300 
345 810 665 810 665 ae 1550 | 1550 


renee 


(1) Bushings of a given insulation classification are in general recommended for ap- 
paratus having a rating up to and including the insulation classification of tho 
bushing and may be used for apparatus of a higher voltage rating when ade- 
quate for the particular application. 

(2) All values are withstand test values without negative tolerance. 

(3) Wet test values are not assigned to indoor bushings. 

(4) Either positive or negative waves may be used—whichever gives the lower value. 

(5) Bushings for use in large apparatus are those intended for use in transformers 
rated above 500 kva, outdoor circuit breakers, and other apparatus of corro- 
sponding importance. 

(6) Bushings for use in small apparatus are those intended for use in transformers 
rated 500 kva and less and other apparatus of corresponding importance. 

(7) Bushings for use in indoor apparatus are those intended for use in indoor typo 
circuit breakers, instrument transformers, and other indoor apparatus except 
dry-type instrument transformers, air-cooled transformers, air-cooled regula- 
pep and bushings used primarily for mechanical protection of insulated cable 
eads. 

(8) Bushings for small indoor apparatus may be supplied to withstand a low fro- 
quency test of 38 kv and an impulse test of 95 kv. 


The volt-time characteristics of the bushings on a trans- 
former differ from the volt-time characteristics of the 
transformer internal insulation. In general, the bushing 
will have a higher flashover at short time lags than the 
transformer internal insulation. At long time lags its flash- 
over may be slightly more or slightly less than the winding 
breakdown. The impulse strength of the winding is esse8- 
tially the same for positive or negative waves; whereas 
the bushing critical flashover may be higher for one polar 
ity than for the other. The manufacturer takes the over 
impulse characteristics of a transformer into account when . 
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Fig. 22—Power transformer undergoing impulse test. Surge 
generator is in building in background. 


giving its withstand voltage characteristic. A transformer 
undergoing an impulse test is illustrated in Fig. 22. 


7. Impulse Characteristics of Other Station Appa- 
ratus 


In addition to power transformers, the outdoor station 
generally has instrument transformers, circuit breakers, 
disconnect switches, and bus insulators exposed to light- 
ning surges. Some stations will also include reactors and 
regulating equipment. All of this equipment now meets 
the basic impulse insulation levels listed in Table 1. 

The standard withstand impulse tests for instrument 
transformers, regulators, and reactors are shown in Table 
4, referred to above for transformers. The withstand 
impulse tests for outdoor circuit breakers, disconnect 
switches, and bus insulators are the same as those listed 
in Table 5 for outdoor bushings. 


IV. CHARACTERISTICS OF PROTECTIVE 
DEVICES 


The purpose of a protective device is to limit the surge 
voltage that may be applied to the apparatus it protects 
ind by-pass the surge to ground. It must withstand con- 
tinuously the rated power voltage for which it is designed. 
The ratio of the maximum surge voltage it will permit on 
discharge to the maximum crest power voltage it will 
Withstand following discharge, called the protective ratio, 
's, therefore, a measure of its protective ability. Of great 
portance also is its ability to discharge severe surge 
Currents, either of high magnitude or long duration, with- 
out injury. 

There are three general types of lightning-protective 

evices, each having its field of application; namely, the 
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rod gap, the protector tube, and the conventional valve~ 
type lightning arrester. 

Rod Gap—A\though the rod gap has the advantage of 
being extremely simple and rugged, it has two important 
disadvantages from a protective standpoint. First, it does 
not fulfill one of the requirements of a true protective 
device in that it will not valve off power voltage after it 
has once been flashed over by a surge. The circuit must 
be deenergized to clear the flashover arc each time the 
gap operates. Second, its breakdown voltage rises more 
at short time lags than most insulation, which means that 
a relatively short gap is required to provide protection 
against surges having steep wave fronts. It would thus 
have a low flashover at long time lags that would result 
in numerous flashovers with consequent outages resulting 
from minor lightning surges or severe switching surges. 
The rod gap is, therefore, generally used only for back-up 
protection or on circuits where the outages with short 
gaps can be tolerated or compensated for by high-speed 
reclosing of the circuit energizing breaker. 

Modifications of the rod gap, such as the fused gap and 
control gap, have been used occasionally. The fuse gap 
is simply a rod gap with a fuse in series with it to inter- 
rupt the power follow current caused by the flashover. 
It, therefore, has the same surge protective characteristic 
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Fig. 23—Impulse characteristics of transmission type pro- 
tector tubes for grounded-neutral circuits. 
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TABLE 6—INDUSTRY PERFORMANCE CHARACTERISTICS OF 
DISTRIBUTION EXPULSION-TYPE LIGHTNING ARRESTERS 


Front of Wave = 
Rated Impulse Sparkover Average Critical 
Impulse Sparkover 
Voltage of 15x40 Mi 
Arrester | Rate of Rise* Kv** SOY NIETO REE: 
é "Wave 
Kv Kv per sat 
Mie ; Kv 
lerosec. Min | Avg } Max 
3 25 23 33 45 29 
6 50 32 50 70 41 
9 75 48 71 97 53 
12 100 63 84 94 61 
15 125 17 LOL 114 70 
*100 kv per microsecond per 12 kv of arrester rating. 
**Impulse of polarity giving higher sparkover voltage. 


as the plain rod gap and, although it prevents a circuit 
outage upon flashover, it requires the replacement and 
maintenance of fuses. Also, to be effective it requires 
proper coordination between the fuse blowing time and 
adjacent relay timing. 

The control gap’, consisting of a double gap arrange- 
ment to approach a sphere gap characteristic, has a some- 
what better volt-time characteristic than the rod gap. It 
can be used with or without fuses, and although it is ap- 
plicable for back-up or secondary protection, it is usually 
considered in the same class as the rod gaps, as far as 
major protection is concerned. 

Protector Tube—The transmission type protector tube 
has a volt-time characteristic, Fig. 23, somewhat better 
than the rod gap and has the ability to interrupt power 
voltage after flashover. It is, therefore, used extensively 
to prevent flashover of transmission line insulators, dis- 
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Fig. 24—-Sectional view of station-type lightning arrester. 
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(a) Standard 1020 microsecond current surge applied to : 
kv station type arrester. ; 

(b) Arrester voltage during discharge of current surge sho 
in (a). ; 

(c) Current and voltage of 3 kv station type arrester disch 
ing a 5X10 microsecond current surge having & © 
excess of 100 000 amperes. 
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TABLE 7—PERFORMANCE CHARACTERISTICS OF VALVE-TYPE LIGHTNING ARRESTERS 


—_—— TTC oO 


Discharge Voltage-Kv on 10 x 20 Microsecond Current Wave** 


,000 Amperes 10,000 Amperes 20,000 Amperes 


Front of Wave Impulse Sparkover 
Arrester 
Type and els 
y ips Ky Rate of Rise* if 2 
p mas 
a Avg. | Max. t Avg. 
Distribution 
3 25 18 23 23 14 
6 50 34 45 45 26 
9 75 48 62 62 39 
12 100 61 77 77 49 
15 125 73 91 91 61 
Line 
20 167 75 90 85 83 
25 208 93 111 105 101 
30 250 110 132 125 121 
37 308 136 163 154 149 
40 333 147 176 167 161 
50 417 183 220 208 202 
60 500 220 264 250 242 
73 608 267 320 302 297 
Slaiion 
3 25 13 15 15 10 
6 50 23 26 26 20 
9 75 35 39 39 30 
12 100 43 50 48 40 
15 125 53 61 59 50 
20 167 72 83 80 67 
25 208 89 102 98 83 
30 250 106 122 117 100 
37 308 131 151 144 124 
40 333 136 157 150 134 
50 417 178 205 196 167 
60 500 214 246 236 200 
73 608 261 300 288 245 
97 808 345 397 380 323 
109 908 388 446 427 363 
121 1008 430 495 474 403 
145 1208 515 592 566 487 
169 1408 602 693 663 566 
196 1633 69L 796 760 647 
242 2017 860 988 945 806 


44100 kv per microsecond per 12 kv of arrester rating. 
Impulse of polarity giving higher sparkover voltage. 


Connect switches, and bus insulators. It is also used on 
transmission-line towers adjacent to a station to reduce 
the magnitude of surges coming in on the line and thus 
relieve the duty on the station arresters. The tube is not 
Mt the present time considered adequate protection for 
transformer insulation, except for distribution type ratings 
15 ky and below. Its application on circuits above 15 kv 
"equires certain limitations in system short-circuit currents 
4nd recovery voltage rates. 

he protector-tube principle is used extensively for ex- 
Pulsion type arresters in the distribution classifications 


Max. tT Avg. | Max. t Avg. | Max. + 


17 17 16 20 20 18 23 23 
34 34 30 38 38 34 44 44 
51 51 44 57 57 51 66 66 
62 62 55 69 69 62 78 78 
77 77 69 87 87 79 99 99 


96 91 92 106 102 101 116 lil 
116 111 111 128 122 121 139 133 
139 133 135 155 149 149 172 164 
172 164 164 189 181 181 208 199 
185 177 V7 204 195 196 225 216 


232 225 222 255 245 243 280 268 
278 267 271 312 300 298 344 328 
342 328 328 378 361 360 414 396 


ll 11 11 13 12 12 14 13 
22 22 22 25 23 24 27 26 
33 32 33 37 35 35 39 38 
44 43 44 48 47 47 52 51 
55 54 54 60 58 59 65 63 


74 72 72 80 77 78 86 84 
92 89 90 99 96 100 110 107 
110 107 | 108 119 115 118 130 126 
137 133 132 146 141 145 160 155 
148 143 144 159 154 153 169 164 


184 179 179 197 191 191 211 205 
220 214 217 239 231 234 258 250 
270 262 262 288 279 283 313 303 
356 345 349 384 372 377 415 403 
400 388 394 434 420 424 467 453 


444 430 438 482 467 470 517 502 
536 520 523 575 558 564 622 602 
624 605 610 672 650 658 725 702 
713 691 698 768 744 755 832 803 
887 860 872 960 931 940 1035 1004 


795% of the arresters manufactured will have characteristics not exceeding the 
value in this column. For distribution arresters use the maximum values, 


15 kv and below. Industry performance characteristics 
of distribution expulsion-type lightning arresters are given 
in Table 6. 

Valve-Type Arresters—The conventional valve- 
type lightning arrester, a typical example of which is shown 
in Fig. 24, provides the highest degree of protection of all 
protective devices. Its essentially flat _volt-time charac- 
teristic makes it ideally suited for the protection of trans- 
former insulation in the higher voltage classes where the 
margin between operating voltage and surge strength is 
relatively low. If properly applied, its discharge voltage 
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TABLE 8—INSULATION TESTS FOR LIGHTNING ARRESTERS 
(Withstand Test Voltages) 


Station-type Arresters— 
All ratings Line and Distribution- 
Ar- | Line and Distribution- | type Arresters rated 
Insu- |rester| type Arresters rated below 20 Kv 
lation | Volt- 20 Kv and above 
Classi-| age 
fica- | Rat-| 60-Cycle Impulse 60-Cycle Impulse 
tion | ing |Test Voltage] Test |Test Voltage] Test 
Kv Kv | Rms Kv (2) | 1.540 us | Rms Kv (2) | 1.540 us 
(1) |——————_ Full Wave | -———-—_} Full Wave 
1 Min| 10 Sec} Crest Kv | 1 Min|10Sec| Crest Kv 
Dry | Wet (2, 3) Dry | Wet (2, 3) 
2.5 3 21 20 60 15 13 45 
5 6 27 24 75 21 20 60 
8.7 9 35 30 95 27 24 75 
15 15 50 45 110 35 30 95 
23 25 70 60 150 
34.5 37 95 80 200 
46 50 120 100 250 
69 73 175 145 350 
92 97 225 | 190 450 
115 121 280 | 230 550 
138 145 | 335 | 275 650 
161 169 | 385 ; 315 750 
196 196 465 385 900 
230 242 545 445 1050 


(1) Where application is to be made of an arrester having a lower voltage rating 
than the rated voltage of the circuit on which it is to be used such as on grounded 
neutral circuits, the insulation test shall be that specified for the insulation 
class one step lower than the rated circuit voltage. 

(2) All values are withstand test voltages without negative tolerance. 

(3) Either positive or negative polarity waves may be used—whichever gives the 
lower value. 


remains below the breakdown strength of the transformer 
insulation, even at short time lags. Experience with actual 
lightning discharges and laboratory tests have demon- 
strated the ability of the modern lightning arrester to 
discharge surges commensurate with direct strokes of 
lightning. 

Lightning arresters for a-c power circuits are rated ac- 
cording to the maximum line-to-ground circuit voltage 
they will withstand. There are three classes available; 
namely, the station type with voltage ratings ranging from 
3 to 242 kv, the line type, for 20 to 73 kv, and distribu- 
tion type, 3to 15 kv. The characteristics of these arresters 
are given in Table 7. 

Station-type arresters, as distinguished by their heavier 
construction, better protective characteristics, and higher 
discharge-current capacity are used for the protection of 
substation and power transformers. Line-type arresters 
are used for the protection of distribution transformers, 
small power transformers, and sometimes small substa- 
tions. Distribution type arresters are intended primarily 
for pole mounting in distribution circuits for the protec- 
tion of distribution transformers up to and including the 
15.0-kv classification. 

Modern station-type arresters are designed to discharge 
not less than 100 000 amperes; line and distribution types 
not less than 65 000 amperes, each with a 5X10 micro- 
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second test wave. In addition, they are given an ingulg. 
tion test in accordance with Table 8, which is from ASA 
C 62 Standard dated April 1944. 

The valve-type lightning arrester is usually made up 
of two elements, a gap element capable of withstandin 
power voltage and a valve element capable of suppressing 
the current following the discharge of the surge. 
breakdown of the gap, which is affected somewhat by 
the rate of voltage rise, determines the initial dischar go 
voltage of the arrester. The voltage drop across the vals 
element, which depends upon the rate of rise and magni- 
tude of surge current discharged determines the arrester 
voltage during discharge. 

Typical oscillograms of arrester current discharge testg 
are shown in Fig. 25. 

The protective ratio of a modern lightning arrester jg 
substantially constant through its range of voltage ratings 
which means that the gap break-down voltage and the 
maximum surge discharge voltage for a given surge con- 
dition are approximately proportional to the voltage rating 
of the arrester. The curves of Fig. 26 show how the gap 
breakdown varies with rate of voltage rise, and the curves 
of Fig. 27 show how the discharge voltage varies with the 
magnitude and rate of rise of surge current for typical 
line type and station type arresters. From these curves, 
expressing the gap breakdown and discharge voltage, each 
in terms of kv per kv of arrester rating, it is possible to 
determine readily the protective characteristics of any 
rating arrester for an expected surge condition. 
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Fig. 26— Average impulse gap breakdown of station- and line 
type arresters. 


(a) Represents rate of rise of 5 kv per microsecond per kv ty 


arrester rating. 

(b) Represents rate of rise of 10 kv per microsecond per kv 
arrester rating. 

(c) Represents rate of rise of 20 kv per microsecond pif 
arrester rating. ‘ 
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Fig. 27—Average discharge voltage characteristics of typical 
lightning arresters. (Numbers on curves represent rate of 
rise of current in amperes per microsecond.) 


DISCHARGE VOLTAGE IN KV PER KV OF ARRESTER RMS VOLTAGE RATING 


(a) Line type. (b) Station type. 


For example, suppose it is desired to determine the gap 
breakdown voltage and maximum discharge voltage of a 
73 kv, station-type arrester for a surge wave front rising 
at a rate of 500 kv per microsecond, and a discharge cur- 
rent of 2000 amperes with a maximum rate of rise of 2500 
amperes per microsecond. A voltage rise of 500 kv per 
microsecond with a 73 kv arrester, represents a voltage rise 
of = 6.85 kv per microsecond per kv of arrester rating. 
From Fig. 26, the gap breakdown voltage would be 
3.673 = 263 kv, at 0.5 microseconds. The maximum dis- 
charge voltage from Fig. 27 (b) would be 3.273 = 234 kv. 


V. APPLICATION OF PROTECTIVE DEVICES 


8. Selection of Arrester Rating 


A valve type lightning arrester begins to discharge at 
& definite value of overvoltage in accordance with the 
Curve of Fig. 26, and valves off at a lower voltage, corre- 
Sponding to the maximum permissible voltage rating of 

€ arrester. If the power voltage is above the valve-off 
Voltage, the arrester may continue to discharge power 
Current until it is destroyed. 

Although modern lightning arresters will discharge with- 
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MAXIMUM LINE-TO-GROUND VOLTAGE 
UNFAULTED LINE-TO-LINE VOLTAGE 


Xo/X, 


Fig. 28—Maximum line-to-ground voltage at fault location 
for isolated-neutral systems during fault. 

Values shown are maximum values for single line-to-ground fault. 
For double line-to-ground fault the voltages are less for ratios of 
Xo/X, between —o and —2. 

Xo=zero-sequence capacitive reactance and 
X= positive-sequence subtransient reactance. 


out injury any lightning surge except the most severe 
direct strokes originating close to the arrester, it is not 
practical or economical to design them to discharge power 
current for any appreciable time. A lightning discharge 
may reach thousands of amperes, but the time is short, 
being measured in microseconds, so that the energy that 
is absorbed by the arrester is small compared to the energy 
that would have to be absorbed with a few amperes power 
flow for even a few cycles. The first consideration in 
applying an arrester should, therefore, be the maximum 
line-to-ground dynamic voltage to which the arrester may 
be subjected for any condition of system operation or 
fault. 

High operating voltage may exist on the far end of long, 
high voltage, unloaded transmission lines because of charg- 
ing current flowing through the line reactance. It can 
also be caused by the sudden loss of load on water-wheel 
generators. It is sometimes possible to rearrange the 
switching scheme to eliminate or at least minimize the 
possibility of overvoltages from these sources. These fac- 
tors, however, must be taken into account in the appli- 
cation of lightning arresters. 

The maximum rms line-to-ground voltage during a sys- 
tem fault can be calculated by the methods of Chap 14, 
taking into account the constants of the system, the type 
of fault, and the fault resistance. The selection of the 
arrester rating should, where possible, be based on such 
calculation. Where the fault voltages are not determined 
more accurately by calculation, Fig. 281? and Fig. 297, 
can be used as guides in selecting the arrester rating. 

The curves of Fig. 28 show the maximum line-to-ground 
voltage during fault for isolated-neutral systems as a func- 
tion of the ratio of zero-sequence capacitive reactance, 
Xo, to positive-sequence inductive reactance, X,. In Fig. 
29, applying to grounded neutral systems, the ratio of 
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(a) Voltage conditions neglecting positive. and negative- 
sequence resistance—F, = R,=0. 


es “s 2? 


Xo/X, 


(b) Voltage conditions for Ri=F.=0.1 X}. 


iy es 


Xo/X 
(c) Voltage conditions for R:=R2:=0.2 X). 


yf 4: Oey 
Fig. 29—Maximum line-to-gfound voltage at fault location 
for grounded-neutral system under any fault condition. 


Note: Numbers on curves indicate maximum line-to-ground fault 
voltage of any phase for any type of fault in percent of unfaulted 
line-to-line voltage for area bounded by curve and axes. When using 
the curves all impedance values must be on the same kva base or in 
ohms on same voltage base. For all curves 


Ro =zero-sequence resistance, 

X)=zero-sequence inductive reactance, 

X1=positive-sequence subtransient reactance, 

2=negative-sequence reactance, 

XxX, =, Xo. 
The effect of fault resistance was taken into account. The fault res 
sistance which gives the maximum voltage to ground on any phase 
was the value used. The discontinuity of the curves is caused mainly 
by the effect of fault resistance. 


zero-sequence resistance, Ry to Xi, is plotted against 
Xo/X,, for several different values of maximum line-to- 
ground fault voltages, ranging from 65 to 100 percent of 
line voltage and for three values of R,/X,, namely 0, 0.1 
and 0.2. The area below each curve represents the region 
in which the maximum fault voltage is below the value 
indicated on the curve. The curves represent the max 
mum voltage at the fault location. A‘ fault at the arrester 
will generally subject the arrester to a higher voltage than 
a fault at some other point in the system. However, 
condition does not always exist, and should be check ; 
For example a fault near the source of a radial feeder: 
circuit grounded at the source only through a neuWy® 


LR 


ut) 
resistor or reactor might have a larger value of Xx Ox sin 
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and therefore produce a higher voltage on an arrester 
jocated at the end of the feeder than a fault at the ar- 
yester location. 

In applying arresters, it is customary to make an allow- 
ance for operation at a voltage in excess of that usually 
considered as normal. This is usually five percent. For 
example, an arrester rated at 105 percent of normal line- 
to-line voltage is used where the line-to-ground voltage 
ig expected to reach normal line-to-line voltage during 
fault. Likewise, on a solidly grounded neutral system 
where the maximum line-to-ground voltage during fault 
ig expected not to exceed 80 percent of line voltage, an 
arrester rated at about 84 percent of normal line-to-line 
yoltage has been used generally. The line-to-ground volt- 
age for fault conditions where Xo/X, ratio is near 1.0 or 
less may allow the use of arresters with less than 84 percent 
of line-to-line voltage. 

There are a number of isolated-neutral systems on which 
arresters rated at 105 percent of nominal line-to-line volt- 
age have proven satistactory over a period of years. How- 
ever, there are also systems of this type where it has been 
necessary to use arresters of a higher rating to prevent 
excessive failures. This is indicated in Fig. 28, which 
shows that if fault resistance is included, the fault voltage 
may exceed 105 percent of normal line-to-line voltage. 
Calculation should be made to determine the maximum 
fault voltages. 

The overvoltages encountered on systems grounded 
through ground-fault neutralizers are less than on isolated 
neutral systems, provided the ground-fault neutralizer is 
properly tuned. Arresters rated to withstand maximum 
line voltage, usually 105 percent of normal circuit voltage, 
are, therefore, considered safe for application on these 
systems. There is some risk of damage to the arrester if 
the ground-fault neutralizer is not properly tuned. Switch- 
ing operations on these systems may also produce bigh 
voltages to ground. However, it is generally not feasible 
to select arresters of sufficiently high rating to eliminate 
all risk of arrester damage from these causes. 

{t has been common practice to apply arresters rated at 
105 percent of circuit voltage to systems grounded through 
impedance, and arresters rated at 84 percent of circuit 
voltage (80 percent of 105 percent rating) to systems con- 
sidered solidly grounded. Experience has shown that such 
applications are generally safe against over-voltage at time 
of fault. However, as indicated by Fig. 29, the possible 
line-to-ground voltages during faults on systems vary 
through a wide range, depending upon the ratio of system 
constants. Arresters rated at some voltage between 75 
and 105 percent of circuit voltage may, therefore, be better 
suited from an overall standpoint. , 

As indicated by Fig. 29 (a, b, c), the maximum voltage 
to ground varies with the ratios of Ro/Xi, Xo/X; and 
Ri/X,, Thus the voltage to ground can be determined 
for a given system if the impedance constants are accu- 
rately known. In some cases, particularly for the higher 
Voltage systems, where the X)/X1 and R,/X, ratios are 

0 or less, arresters less than 84 percent of line-to-line 
Voltage can be used, thus allowing the application of trans- 
‘Ormer insulation with a minimum acceptable impulse 
Msulation level. 
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The 84-percent arrester can be applied safely on systems 
whose constants are within the range indicated by the 
80-percent curve of Fig. 29 provided the impulse insulation 
level of the equipment is protected. As a general guide 
to arrester application, with full insulation on the pro- 
tected equipment, the 84 percent arrester rating is satis- 
factory if the following conditions exist. 

1. The ratio of the zero-sequence resistance, Ro, to 
the positive-sequence subtransient reactance, X1, as 
viewed from the point of arrester location is one or 
less. 

2. The ratio of zero-sequence reactance, Xo, to positive- 
sequence reactance, X;, as viewed from the point 
of arrester location does not exceed three under any 
condition of operation. 

3. The arrester cannot remain energized from un- 
grounded sources of power after the grounded neu- 
tral sources of power have been disconnected to 
clear a fault. 

4, The system neutral is grounded at every source of 
supply of short-circuit current. 

If the fault is to the arrester ground, then the resistance 
of the arrester ground should be included as part of the 
zero-sequence resistance of the system. When this is 
done, the curves of Fig. 29 also apply to the arrester at 
that fault location. 

In addition to high arrester voltages resulting from 
system faults, high momentary or peak voltages may also 
be caused by any of the following: 

1. Switching surges may reach several times normal 
line-to-ground voltage with certain combinations of 
system constants. 

2. High harmonic voltages to ground may exist during 
fault conditions on lightly loaded lines energized 
from generators with damper windings for which 
X,_'/Xq' is too great. See Chap. 6. 

8. Arcing grounds or the accumulation of static charges 
from dust particles in the air on ungrounded sys- 
tems may cause repetitive discharges through the 
arrester that exceed its thermal capacity. 

It is not considered feasible to apply arresters rated 
sufficiently high to withstand the overvoltages that might 
be produced by any of the above. However, the possi- 
bility of damage to the arrester from these causes should 
be considered in making the application. It is sometimes 
possible to make minor modifications to the system equip- 
ment or operation that will greatly alleviate these sources 
of trouble. 

Where there is doubt as to the arrester rating, the 
maximum line-to-ground voltages should be calculated by 
the methods of Chap. 14. 


9. Coordination of Protective Devices with Appa- 
ratus Insulation 


The margin that should exist between the BIL of the 
insulation to be protected and the maximum voltage that 
can appear across a lightning arrester is a much-discussed 
question. The answer is difficult because it depends on 
many factors. The breakdown voltage of the arrester is 
affected by the rate of voltage rise and the discharge voltage 
by the rate of rise of the surge current and the magnitude 
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of the surge current. The distance between the arrester 
location and the protected insulation affects the voltage 
imposed on insulation due to reflections. The severity of 
the surge depends upon how well the station is shielded, 
the insulation level of the station structure, and the in- 
coming line insulation. A typical problem is reviewed 
later to give one way of applying a suitable margin. 

Direct strokes to an arrester should be eliminated, where 
possible, by proper shielding because the current in a direct 
stroke may be in excess of that for which the arrester is 
designed. Where shielding is impractical, the arrester 
should protect the insulation within the range of direct- 
stroke surge currents within the capability of the arrester. 
Currents in excess of the arrester rating may damage or 
ruin the arrester. 

For a traveling wave coming into a dead-end station, 
the discharge current in the arrester is determined by the 
maximum voltage that the line insulation can pass, by 
the surge impedance of the line, and the voltage character- 
istic of the arrester, according to the following relation: 


2E—E, 
Z 


I,= 


where 7,—arrester current 
E —magnitude of incoming surge voltage 
E,-—arrester terminal voltage 
Z —surge impedance of the line 
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Fig. 30—Coordination of insulation in a 138-kv substation for 
114 x 40 microsecond positive wave. 


(1) Transformer with 550 kv BIL. 

(2) Line insulation of 9 suspension units. 

(3) Disconnect switches on 4 apparatus insulators. 

(4) Bus insulation of 10 suspension units. 

(5) Maximum 14 x 40 wave permitted by line insulation. 

(6) Discharge of 121-kv arrester for maximum 114 x 40 full 
wave. 
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Suppose it is desired to protect the 138-kv substation 
shown schematically in Fig. 30 against traveling waveg 
The system at this point is grounded so as to allow a basic 
impulse insulation level of 550 kv. The major equipment 
consists of a power transformer, circuit breakers, discon. 
nect switches mounted on four apparatus insulator unitg 
and bus insulation consisting of 12 suspension insulators, 
The line insulation consists of nine suspension insulators, . 
The arrester is located close to the transformer. Adequate 
shielding is provided over the substation and the incoming 
transmission lines. ey 

The line insulation of nine insulators permits a traveling 
wave of 860-kv crest (1440) and rate of rise of 1000 ky 
per microsecond to enter the station. This rate of -rigg 
represents 8.25 kv per microsecond per kv of arrester 
rating for the required 121-kv arrester. From Fig. 26 the 
average arrester-gap breakdown is 3.6X121 or 435 kv at 
0.5 microsecond, which, with a 15 percent plus tolerance 
becomes 500 kv. Assuming a line surge impedance of 400 
ohms, the magnitude of the arrester current is about 3200 
amperes determined as follows: 


_ 2 (860 000) —435 000 
o 400 


The rate of rise of current would be approximately 


1 
aoe = 5000 amps/microsecond. 


From Fig. 27(b) the discharge voltage for a current 
of 3200 amperes and a rate of rise of 5000 amperes is 
3.45121 or 418 kv. Adding the manufacturing toleranco 
of plus 10 percent gives 460 kv as the discharge voltage 
provided by the 121-kv arrester for the assumed condi- 
tions. Since the rate of rise has been taken into consid- 
eration in establishing this protective level of 460 kv, no 
additional margin need be added. There is, however, @ 
difference of 550 minus 460 or 90 kv between the pro- 
tective level and the BIL of 550 kv of the transformer 
insulation. 

Suppose a direct stroke at the station discharges through 
the arrester a current of 50 000 amperes, rising to crest in 
three microseconds, with a nominal rate of rise of 20 000 
amperes per microsecond. The discharge voltage from 
Fig. 27 (b) is 4.55X121=550 kv for a 121-kv arrester 
which with plus 10 percent is 605 kv or 55 kv in excess 
of the insulation BIL. 


I, = 3200 amperes. 


10. Location and Connection of Protective Devices 


The protective device should be placed as close as pos 
sible to the apparatus it is to protect, particularly. ifsan 
overhead line dead ends: in a station or terminates. & 
transformer. A traveling wave coming into the station? 
limited in magnitude at the arrester location to the die 
charge voltage of the arrester. However, a wave with the 
same rate of voltage rise as the original wave and with 
a magnitude equal to the arrester discharge voltage travels 
on to the station terminus where it reflects to twice it 
value if the line dead ends or to almost twice its value 
if the line terminates in a transformer. The voltage at 
the transformer builds up at a rate twice that of the. 
original wave until it reaches a maximum value of twiee , 
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the magnitude of the arrester voltage or to whatever volt- 
age magnitude can build up during the time the reflected 
wave travels back to the lightning arrester and a negative 
reflected wave travels from the lightning arrester back to 
the transformer. 

Likewise, apparatus, such as a disconnect switch, lo- 
cated ahead of the arrester is subject to the incoming 
surge until the arrester discharges and its negative re- 
flected wave returns to the switch. 

To illustrate the effect of arrester location consider the 
138-kv station shown schematically in Fig. 31 with the 
arrester located 100 circuit feet beyond the disconnect 
switch and 100 circuit feet ahead of the transformer. Con- 
sider a traveling wave having a rate of voltage rise of 
1000 kv per microsecond entering the station and an ar- 
rester which limits the voltage to 400 kv. In 0.1 micro- 
second after the wave reaches the switch it reaches the 
lightning arrester and 0.1 microsecond later, or at the end 
of 0.2 microsecond, it reaches the transformer where it re- 
flects and builds up at a rate of 2000 kv per microsecond. 
At the end of 0.4 microsecond after the wave first reached 


the switch, the incoming wave and the reflected wave . 


from the transformer would total to 400 kv at the arrester. 
As shown in Fig. 31, the voltages at the switch and at 
the transformer would also be 400 kv. The reflected wave 
from the transformer has just reached the switch. The 
voltage at the arrester remains at 400 kv until the crest 
of the incoming wave is reached but the voltages at the 
switch and transformer continue to rise at 2000 kv per 
microsecond until the reflected negative waves from the 


arrester reaches the switch and transformer at the end of-- 


0.5 microsecond. Successive reflections occur until the 
wave spends itself by discharging through the arrester. 
As shown in Fig. 31, the voltages at the switch and trans- 
former resulting from the first reflection reaches 600 kv, 
or 50 percent more than the arrester discharge voltage. 
The maximum voltage at the terminus of a line or at a 
transformer at the end of a line beyond an arrester as a 
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Fig. 31— Voltages at 138 kv substation resulting from first re- 
flection of traveling surge having 1000 kv per microsecond 
wave front. 


(a) At disconnect switch located 100 feet ahead of arrester. 
(b) At arrester. 


(c) At transformer located 100 feet beyond arrester. 
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Fig. 32—Maximum voltage due to first reflection of traveling 
wave as function of distance from arrester and steepness of 
wave front. 


VOLTAGE AT P™OR TIN EXCESS OF ARRESTER VOLTAGE IN KV 


*Voltage at P may reach crest of incoming surge as maximum. 
Voltage at T may reach twice arrester voltage as maximum. 


result of the first reflection of a traveling wave, may be 
expressed mathematically, as follows": 
de, L 
Br=es +2 XG 


up to a maximum of 2 e,, 


where e,=arrester discharge voltage 

% rate of rise of wave front in kv per ms. 

L=distance between arrester and line terminus in 
feet. 


The same expression can also be used to determine the 
voltage at a point on a line ahead of an arrester due to a 
traveling wave. In this case, the voltage can reach as a 
maximum the crest of the traveling wave if the distance 
to the arrester is great enough or if the rate of rise of the 
wave front is sufficiently high. 

The curves of Fig. 32 show the voltage in excess of the 
arrester voltage as a function of distance from the arrester 
for rates of rise of wave front of 100, 500, and 1000 kv per 
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microsecond. The curves can be used to determine the 
actual voltage at a point ahead of an arrester or at a line 
terminus beyond an arrester by adding to the curve value 
the discharge voltage of the particular arrester involved. 
For example, the maximum voltages obtained at the 
switch and transformer in Fig. 31, by plotting the volt- 
time curves, could be taken from the 1000 kv per micro- 
second curve of Fig. 32. For a distance of 100 feet, and a 
wave front that rises at the rate of 1000 kv per micro- 
second, the voltage in excess of the arrester voltage is 200 
kv. This added to the arrester discharge voltage, assumed 
to be 400 kv, gives 600 kv as the maximum voltage after 
the first reflection. 

In addition to the reflected wave phenomena, it is quite 
possible that still higher peak voltages would exist at the 
apparatus as a result of oscillations caused by the induct- 
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Fig. 33—Installation view of CSP power transformer with 
protective devices, secondary circuit breaker, and metering 
equipment built integral with transformer. 


ance of the line between the arrester and the apparatus, 
and the capacitance of the apparatus. Furthermore, the 
voltage drops in the lead from the line to the arrester and 
in the lead from the arrester to ground, which are affected 
by rate of rise of surge current, add to the drop across the 
arrester. Any difference in ground potential between the 
apparatus ground and the arrester ground also adds to the 
voltage impressed across the apparatus insulation. In 
view of the above factors, it is important, particularly in 
stations where direct strokes may originate close to the 
station, that the protective devices be located close to the 
apparatus they are to protect, that the leads to the devices 
be kept as short and direct as possible, and that the ar- 
rester and apparatus grounds be interconnected and as low 
in resistance as possible, preferably one ohm or less. 

The ultimate in this respect is reached when the protec- 
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tive device is mounted directly on the transformer. This 
is illustrated in the installation view, Fig. 33, of a CSP 
transformer which has the protective devices, secondary 
circuit breaker, and metering equipment built integral 
with the transformer**. With the line side of the arresterg 
connected directly to the transformer terminals and the 
arrester ground connected directly to the transformer tank, 
the voltage between the winding and core is definitely lim- 
ited to the discharge voltage of the arrester. To provide 
protection to an extended station an arrester should be 
located directly ahead of the disconnect switch where the 
line enters the station and another arrester located directly 
adjacent to or on the transformer. A modification of this 
scheme, which is sometimes used, is to locate protector 
tubes at the entrance to the station and conventional sta- 
tion type arresters at the transformer terminals. The pro- 
tector tubes will generally protect the switch and will limit 
the magnitude of surges entering the station. 


11. Direct Stroke Protection 


Wherever it is possible for direct strokes of lightning to 
strike the line at or near the station, there is a possibility 
of exceedingly high rates of surge-voltage rise and large 
magnitude of surge-current discharge. If the stroke is 
severe enough, the margin of protection provided by the 
protective device may be inadequate. The installation 
may, therefore, justify shielding the station and the incom- 
ing lines far enough out to limit the severity of surges that 
can come into the station, particularly in the higher volt- 
age classifications, 69 kv and above. This can be done by 
properly placed masts or overhead ground wires. 

The number of direct strokes per year to an unshielded 
substation, based on accumulated records of direct strokes 
to tall objects, can be approximated by the expression*® 


(W+700)(L+700) 
(5280)? 
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Fig. 34—Typical schemes of station protection. 
(a) Arrester at station with no direct stroke shielding. 
(b) Arrester at station with shielding against direct strokes. 
(c) Arrester at station with protector tubes extending out 
mile, 
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where IV and L are the width and length, respectively, in 
feet, of the substation. From this estimate of strokes to 
an exposed substation, which is about one stroke every 
four and one-half years to a 100 feet square substation, it 
can be reasoned that reducing the exposure to 0.1 percent 
would practically eliminate the possibility of a stroke to a 
station. The curves of Fig. 35° were, therefore, con- 
structed from extensive laboratory test data to show the 
configurations of masts or overhead ground wires necessary 
to reduce the exposure of an object to 0.1 percent. The 
curves are plotted to show the height (L) of the shielding 
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Fig. 35—Configuration of shielding object with respect to 
protected object for 0.1 percent exposure. 

(a) One shielding mast. Dotted lines for one exposed object of 
height (d). Full lines for ring of exposed objects of height 
(d). 

(b) One horizontal ground wire. 

(c) Two masts or two ground wires. Dotted lines for masts. 
Full lines for horizontal wires. 
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Fig. 36—Areas protected by multiple masts for point expo- 
sures of 0.1 percent. 


(a) Two masts with values of z and s taken from Fig. 35 (a) 
and (c). 

(b) Two masts separated by half the distance of those in (a). 

(c) Three masts with (b) points obtained from Fig. 35 (c) for 
mid-point between two masts. 

(d) Four masts with (b) points obtained from Fig. 35 (c) for 
mid-point between two masts. 


masts or ground wires above the protected object as a func- 
tion of the horizontal separation (X) and the height (d) of 
the protected object. 

The dotted-line curves, Fig. 35 (a), showing the neces- 
sary configuration of a single mast protecting a single ob- 
ject, apply to an exposed structure having a single prom- 
inent projection or several projections in a limited region, 
such as a set of disconnects. The full-line curves, applying 
to a ring of objects, should be used if the live parts to be 
shielded are generally distributed at a given height. The 
configuration of the mast should be based on the most 


remote object. 


The required configurations of a single horizontal ground 
wire are given in Fig. 35 (b). The dotted-line and the 
full-line curves of Fig. 35 (c) apply, respectively, to two 
masts and to two horizontal ground wires. 

The diagrams of Fig. 36" illustrate the area that can be 
protected by two or more shielding masts. The cross- 
hatched area of Fig. 36 (a) is the area protected by two 
masts for given values of d and y, where the radii x of the 
semi-circles are taken directly from Fig. 35 (a), and the 
separation distance S from Fig. 35 (c). If the distance 
between masts is decreased, the protected area is at least 
equal to the area obtained by superposing the areas of 
Fig. 36 (a). For example, if the distance between masts is. 
halved, the resultant protected area is somewhat as shown 
in Fig. 36 (b). 

On this basis, to form an approximate idea of the width 
of the overlap between masts, first obtain a value of y from 
Fig. 35 (c), corresponding to twice the actual distance be- 
tween the masts. The width of overlap is then equal to the 
value of z, obtained from Fig. 35 (a), that correspond to 
this y. This undoubtedly gives a conservative width of 
substation that can be protected by two masts. 

For three masts located at the points of an equilateral 
triangle or for four masts located at the points of a square, 
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the protected areas are as shown in Figs. 36 (c) and (d). 
The height of the shielding mast should be so chosen that 
the b points provide 0.1 percent exposure as obtained from 
Fig. 35 (c) for the midpoint between two masts. The z 
radii are obtained from the data for a single mast. 

The curves of Fig. 35 apply to stations located in regions 
of relatively flat terrain and low resistivity, where the 
effective ground plane is essentially at the earth’s surface. 
High values of earth resistivity lowers the ground plane, 
which results in less effective shielding for a given config- 
uration. However, most stations are, or if not, should be, 
provided with low-resistance grounding systems for light- 
ning-arrester grounds, which can also serve as shielding 
grounds. Where the soil resistivity is high the effective 
ground plane can be raised to the earth’s, surface by laying 
counterpoise wires from the shielding masts to distances of 
two or three times their height. However, in most cases, 
it is probably more economical to increase the height of 
the masts. 

For application of the curves to hillside locations, the 
dimensions (h) (the shielding mast height) and (d) (the 
height of the protected object) should be measured per- 
pendicular to the earth’s surface. The distance (x) be- 
tween the object and shielding mast should be measured 
along the earth’s surface. 

The lines coming into the station can be effectively 
shielded against direct strokes by overhead ground wires 
as outlined in Chap. 17. A direct stroke on a line more 
than 3 mile out from the station is limited in severity at 
the station by the surge impedance and insulation of the 
line and to some extent by the shunt capacity of the station 
equipment. Shielding of the station and the lines approx- 
imately 4 mile out from the station, as illustrated in Fig. 
34 (b), is, therefore, a desirable supplement to the lightning 
arrester located at the station. 

Where overhead ground wires on the incoming lines are 
not practical due to existing construction, additional pro- 
tection of the station equipment against direct strokes on 
the lines near the station can be obtained by equipping 
each line with protector tubes at the entrance structure of 
the station and at each tower for a distance of approxi- 
mately 3 mile out from the station, see Fig. 34 (c). How- 
ever, shielding the station is the only way to eliminate 
direct strokes to the station itself. 


12. Summary of Considerations Applying to Pro- 
tection of High-Voltage Equipment 


The following points can be generally concluded in the 
application of protective devices to high-voltage systems, 
22 kv and above. 

1. Rod-gaps do not protect apparatus insulation against 
surges of steep wave front unless the spacing is so 
low that the gap is subject to numerous flashovers 
from minor surges. 

2. Protector tubes are not considered suitable for the 
protection of apparatus insulation although they are 
effective in preventing transmission-line flashovers 
and in decreasing the severity of surges from direct 
strokes near the station. The application of protector 
tubes involves certain limitations in system short- 
circuit and recovery voltage characteristics. 
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3. Modern type lightning arresters applied properly 
protect station apparatus conforming to basic insu. 
lation levels against traveling surges. On systems 
having a solidly grounded neutral reduced rating ar- 
resters can be applied. Full-rated arresters are re- 
quired generally on ungrounded neutral systems or 
systems grounded through impedance. The possibil- 
ities of system overvoltages should be investigated 
carefully in determining the minimum rating arrester 
that can be applied economically. 

4. For effectively grounded systems insulation levels 
one class below the standard have given satisfactory 
service using reduced rated arresters particularly at 
voltages 115 kv and above. 

5. Consideration should be given to shielding stations 
against direct lightning strokes. Where shielding is 
not practical, additional protection can be provided 
by installing protector tubes at the entrance to the 
station and at each transmission-line tower for a dis- 
tance of 4 mile from the station. 


VI. PROTECTION OF DISTRIBUTION 
TRANSFORMERS 


The distribution transformer with its protective devices 
is in effect a miniature substation constituting the final 
voltage transformation between the generating station and 
the individual customer’s premises. Because the distribu- 
tion transformer is small in size and comparative cost, and 
because it is usually pole mounted, often in out-of-the-way 
locations, its protective devices must be inexpensive, small 
in size and weight, simple, and reliable. The failures of 
early type distribution arresters and the large amount of 
lightning data obtained on distribution circuits furnish 
proof that the protective devices must also have the ability 
to withstand severe lightning discharges. 


13. General Considerations 


Distribution circuits are generally overhead construction 
and are, therefore, subject to lightning disturbances, the 
nature of which are discussed in detail in Chap. 16. Data 
collected over a period of years with surge-crest devices 
indicate that the majority of surge-current discharges on 
distribution circuits are relatively low in magnitude, less 
than 5000 amperes, but occasionally a discharge may ex- 
ceed 100 000 amperes. More recent data collected with the 
fulchronograph show that some of the surge-current dis- 
charges that are moderate in magnitude may be long in 
duration, of the order of several thousand microseconds. 
See Chap. 16. ; 

Experience has shown that lightning disturbances are 
more severe on rural circuits than on urban circuits, prob- 
ably for two reasons. First, rural circuits are generally 
more exposed to lightning and, therefore, receive many 
more direct strokes. Second, because distribution trans- 
formers are less frequent on rural circuits—the drainage co) 
long-duration surges through grounded transformer wind- 
ings is less!6, 

These general conclusions have been borne out by ope! 
ating experience with distribution lightning arresters. The 
failure rate of early arresters, attributed to lightning, that 
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were designed before high surge-current testing facilities 
were available was comparatively high. Later arresters, 
designed and tested to withstand high surge currents of 
about 100 microseconds duration have a good operating 
record on urban circuits. However, when these arresters 
were applied more extensively to rural circuits with sparse- 
ly located transformers, the failure rate increased. Modern 
arresters, designed with more emphasis on ability to dis- 
charge surges of long duration, have acquitted themselves 
well on rural circuits. 

Most distribution transformers are pole mounted, one at 
a location, and are used to step the voltage down from a 
single-phase primary circuit (2300 to 13 200 volts) to a 
single-phase, three-wire, secondary circuit at utilization 
voltage, usually 120/240 volts. Occasionally they are used 
in three-phase banks to supply three-phase, low-voltage 
power. The primary circuits, whether single or thrce- 
phase, may be from a source having either a grounded or 
ungrounded neutral. If the neutral is ungrounded the 
single-phase primary consists of two of the ungrounded 
phase conductors, which means that the two primary ter- 
minals of the distribution transformer must be equally 
protected. If the neutral is grounded, the single-phase pri- 
mary circuit will usually consist of one phase wire and the 
neutral conductor. The neutral conductor is usually 
grounded, so that only one high voltage terminal of the 
distribution transformer need be provided with protective 
equipment. The secondary will usually be three-wire, with 
the mid-point grounded. 

A three-phase bank of distribution transformers may be 
connected delta delta, star delta, or delta star. With the 
delta delta connection, the secondary can have no common 
neutral. Sometimes, either one phase or the mid-point of 
one of the phases of the secondary is grounded. The star 
delta and delta delta connection are alike as far as the 
secondary delta connection is concerned. The primary 
neutral might or might not be grounded. The delta star 
connection usually has the common neutral of the star 
connected secondary grounded. 

In addition to surge protection, the distribution trans- 
former usually includes protection against internal short- 
circuit and secondary short-circuit or overloads consisting 
either of high-voltage fuses mounted external to the trans- 
former, or high-voltage fuse links and a secondary circuit 
breaker mounted inside of and included as a part of the 
transformer. 

The distribution transformer, like larger power trans- 
formers contains three groups of insulation subject to volt- 
age stress, which should be considered in the protective 
scheme, namely: 

1. The insulation between the high-voltage winding and 

the core or tank. 

2. The insulation between the low-voltage winding and 

the core or tank. 

3. The insulation between the high- and low-voltage 

windings. 

There are, however, two conditions that make the pro- 
tection of distribution transformersand high-voltage power 
transformers differ. These are the difference in the ratios 
of surge strength to operating voltage and the relative 
effects of locating and connecting the protective devices. 
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The distribution transformer (2400 to 13 200 volts) has 
a much higher ratio of surge strength to operating voltage, 
as Table 1 shows. As an example, the ratio of the basic 
insulation level to the peak of the 60-cycle voltage classi- 


fication is SEygT 1278, for 2500 volt equipment, as 
: 6 : : : 
against 38x V5 8:38, for 138-kv equipment. For this 


reason, it is permissible for the protective device in the 
low-voltage ratings to have a higher protective ratio than 
that required at higher voltages. 

The effect of the location and connection of the protec- 
tive devices is more pronounced with distribution trans- 
formers. Because lightning discharges on distribution cir- 
cuits and on high-voltage transmission circuits are about 
equal in magnitude, the actual surge-voltage drops in the 
leads to the protective devices and through the ground 
connections of the two circuits are about equal. While 
these voltage drops may be only a portion of the discharge 
voltage of the protective device in the higher voltages, they 
may be several times the discharge voltage of the low- 
voltage protective device. It is extremely important, 
therefore, that protective devices on distribution circuits 
be located and connected properly with respect to the 
apparatus they are to protect. 


14, Methods of Connecting Protective Devices 


Three schemes of connecting protective devices to pro- 
tect distribution transformers against lightning surges are 
commonly known: 


1. Separate connection method. 
2. Interconnection method. 
3. Three-point protection method. 


Separate Connection Method—This method of pro- 
tection, universally used until about 1932, is illustrated in 
Fig. 37. Protective devices are connected between the pri- 


Fig. 37—Separate connection method of protecting single- 
phase transformers. 


mary conductors near the transformer and a driven ground 
at the pole. The secondary neutral is usually grounded 
separately. With this connection, the protective devices 
are connected in series with a relatively long ground lead 
which has considerable inductance and is usually connect- 
ed to a driven ground, the resistance of which may be high. 
The voltage, therefore, between the primary winding and 
ground is not only the discharge voltage of the arrester but 
also the impedance drop of the ground lead and ground 
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(b) (c) 


Fig. 38—Interconnection method of protecting single-phase transformers. 


(a) Straight interconnection. 
(b) Interconnection with protective ground at transformer. 


connection, which may be several times the discharge volt- 
age of the arrester. Failure or flashover of the transformer 
insulation may occur even though the actual surge voltage 
across the arrester is only a fraction of the transformer 
breakdown voltage. When this happens, the surge gener- 
ally passes through to the secondary ground connection. 
The surge is usually followed by a flow of dynamic current 
until the primary fuse blows. 

Interconnection Method—The straight interconnec- 
tion consists of connecting the protective devices from the 
primary lines directly to the secondary neutral as illus- 
trated in Fig. 38 (a). The surge voltage that can exist 
between the primary winding and the secondary is defi- 
nitely limited to the discharge voltage of the protective 
devices. The potential of the core and tank, because of 
their electrostatic coupling to the secondary winding, nor- 
mally rises along with the primary and secondary windings 
during a surge discharge and thus limits the voltage be- 
tween the windings and core. This connection is an im- 
provement over the conventional connection because it 
eliminates the factor of voltage drop in the arrester ground 
lead. Operating experience supports this conclusion”. 

Two decided disadvantages prevent universal applica- 
tion of this scheme of connection. First, the protection 
between windings and core or tank depends upon the tank 
rising in potential with the windings. Actually, practical 
conditions might keep this from happening. The resistance 
to ground of the wood pole on which the transformer is 
mounted may be low enough to supply the small charging 
current required to keep the tank at ground potential. 
Also, as it rises in potential, the tank may flashover to a 
nearby guy wire or other grounded object. Either condi- 
tion results in the application of the full potential of the 
surge between the windings and tank until the insulation 
breaks down or the secondary flashes over to the tank. 

The second disadvantage of this connection is that it 
directs the entire primary surge voltage into the second- 
aries, which is undesirable, particularly if the resistance of 
the secondary grounds is not low. This restriction makes 
the straight interconnection in general unapplicable to 
rural circuits or other circuits that might not have the 
secondaries effectively grounded. 

A modification of the straight interconnection is shown 
in Fig. 38 (b). Here, a ground is made at the arrester lo- 
cation also. The protection provided the transformer in- 
sulation depends upon the tank being insulated from 


(c) Interconnection with protective ground at transformer and 
insulating gap in interconnection. 


ground, or, if not, upon the magnitude of voltage drop 
in the arrester ground lead and connection. The arrester 
ground is in parallel with the secondary ground so that 
the complete surge is not directed to the secondary. The 
direct tie between the arrester ground and secondary ig 
undesirable unless the secondary is effectively grounded, 
again making the connection generally unapplicable to 
rural circuits. 

Another modification that eliminates the permanent 
tie between the arrester ground and secondary neutral is 
shown in Fig. 38 (c). An isolating gap, having low flash- 
over, breaks the direct tie. A rise in potential between 
windings during a surge discharge breaks down the gap 
and limits the voltage between windings to the arrester 
discharge voltage. The protection of the transformer 
insulation to the core or tank still depends upon the tank 
being insulated from ground, or, if not, upon the voltage 
drop in the arrester ground lead and connection being 
low. 

Three-Point Protection Method—This scheme, il- 
lustrated in Fig. 39 (a), definitely limits the voltage across 
the three groups of insulation in the transformer inde- 
pendently of ground connections or resistances. The pro- 
tective devices connected between the high-voltage lines 
and tank definitely limit the voltage between those parts 
to the discharge voltage of the protective device. Like- 
wise, the protective device between the secondary and 
tank (usually a gap for 480 volts and below) limits the 
voltage between those parts to the breakdown voltage of 
the device. With the voltage between the high-voltage 
winding and core or tank and the voltage between the low- 
voltage winding and core or tank definitely limited, the 
voltage between the two windings is also limited. : 

Referring to Fig. 39 (a), a surge coming in over & pr- 


’ mary lead raises the potential of the primary winding to 


the breakdown of the protective device that discharges 
to ground. If the arrester-ground impedance is high or 

there is no ground at that point, the potential of the high- 
voltage winding rises above that of the core and tank until 
the gap TG breaks down and limits the voltage betwee 
the winding and tank to the discharge voltage of the 
arrester plus the gap. If the voltage between the tank an 

secondary exceeds the breakdown of the gap 7'N, the g&P _ 
operates and discharges to the secondary ground. The 
gaps, TG and TN, while they definitely isolate the t es 
from the primary and secondary ground connection dur; 
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Fig. 39—Three-point protection method. 


(a) Three-point protection with insulating gaps. 

(b) Three-point protection simplified circuit. 

(c) Three-point protection with single insulating gap. 

(d) Three-point protection of single-phase transformer on four- 
wire, grounded-neutral circuit. 

(e) Three-point protection with insulated tank, 


ing normal operation, do not greatly add to the surge 
Voltage impressed across the winding insulation. The 
three-point scheme of protection thus provides definite 
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protection to the three groups of insulation in the trans- 
former independently of the arrester or secondary ground- 
ing conditions, whether the tank is insulated or not, or 
whether the surge originates on the primary or secondary. 

Variations in the methods of connecting the protective 
devices to obtain three-point protection are shown in (b), 
(c), (d), and (e) of Fig. 39. 


15. Protection of Three-Phase Transformer Banks 


The shortcomings of the separate connection method of 
protection apply equally well to the protection of three- 
phase transformers or three-phase transformer banks on 


- distribution circuits. The interconnection method is gen- 


erally not applicable because there is no secondary neutral 
unless the secondary is connected in star. Sometimes one 
phase of the secondary or the midpoint of one of the phases 
is grounded as shown by the broken lines of Fig. 40. 

The three-point scheme of protection, illustrated in 
Fig. 40, is applicable to any winding connection. A pro- 


Fig. 40—Three-point protection applied to three-phase dis- 
tribution transformers. 


tective device is connected between each primary phase 
winding and tank either directly or through an isolating 
gap. Likewise, a protective device (air gap or coordinated 
secondary bushing for 480 volts and below) is connected 
between each secondary phase lead and the tank. The 
tanks of all transformers in the bank are tied together. 
With this connection, the windings of all transformers are 
protected irrespective of grounding conditions or whether 
the surge originates on the primary or secondary circuit. 


16. Surge Voltages in Secondary Circuits 


Overhead secondary circuits are, to some extent, sub- 
ject to lightning surges originating on the secondary. 
They can also experience surges passing from the primary 
into the secondary. The separate connection, Fig. 37, 
isolates the primary from the secondary. However, when 
the transformer fails or flashes over as a result of a pri- 
mary surge, the surge passes directly on to a phase wire 
or neutral of the secondary circuit. The primary-system 
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voltage is also impressed on the secondary until the pri- 
mary fuse blows. The straight interconnection directs all 
the primary surge on to the secondary neutral. With the 
modified interconnection shown in Fig. 38 (b) or with the 
three-point scheme of protection, some of the surge may 
pass on to the secondary neutral, depending upon how 
effectively the primary protective devices are grounded. 

Experience has shown that damage caused by surges on 
secondary house circuits is negligible. Where long expo- 
sures and relatively high secondary insulation may result 
in damage, protection should be provided by low-voltage 
protective devices located at the house entrance, and con- 
nected between the phase wires and neutral, which is 
usually grounded. All grounds on the customer’s premises 
should be connected together. In case the secondary is 
not grounded in the customer’s premises, such as may be 
the case with 2 three-phase, four-wire delta circuit, the 
danger of damage is greater than with the usual house 
circuit. Where the hazard is considered serious, it can be 
eliminated by connecting a protector between each phase 
wire and ground at the house entrance, or preferably right 
at the apparatus to be protected. 

Three-phase, 440-volt circuits sometimes extend a con- 
siderable distance overhead to motor circuits, thus con- 
stituting a hazard to the motors and associated starting 
equipment. They can be protected by connecting a low- 
voltage protective device between each phase wire and 
the frame of the apparatus, which should be grounded. 
Protectors connected to the secondary at the transformer 
will generally not provide adequate protection to the load 
apparatus. 


17. Protective Devices for Distribution Trans- 
formers 


Three general classes of devices are used for the protec- 
tion of distribution transformers just as for the protection 
of high-voltage substations, namely, the plain air gap, the 
protector tube, and the conventional valve-type lightning 
arrester. However, the lower operating voltages, the 
higher ratio between insulation breakdown voltage and 
operating voltage, and the requirement that the device be 
small in size and cost, make the design and application of 
protective devices somewhat different for distribution 
transformers than for higher voltage equipment. 

Plain Air Gap—Plain air gaps or fused gaps are some- 
times used to protect distribution transformers. The 
relatively high insulation strength of the transformer 
makes it possible to provide a fair degree of protection to 
the transformer against lightning surges without having 


to decrease the gap spacing to a value where numerous’ 


flashovers occur as a result of minor surges. However, 
the device will not restore power voltage (above 480 volts) 
after a discharge without momentarily deenergizing the 
circuit, which usually results in the blowing of a fuse, 
either at the transformer, or at a sectionalizing point on 
the line. The gap spacings associated with low operating 
voltages are necessarily low so that unless the gap is 
enclosed ‘or protected, numerous flashovers can occur as 
a result of birds or foreign objects bridging the gap. 
Double gaps of various constructions are sometimes used 
to minimize this trouble. Since distribution transformers 
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are often located in remote locations, it is important to 
avoid as many fuse replacements as possible. For that 
reason and because of the somewhat questionable pro. 
tection obtained for surges of steep wave front, plain gir 
gaps or fused gaps are not extensively used to Protect 
distribution transformers. 

Protector Tubes—The distribution-type protector 
tube, introduced about 1931, consists essentially of a smal] 
air gap, a diffuser tube, and sometimes a resistor, all con. 
nected in series. The series gap is just enough to insulate 
the tube from normal power voltage, thus eliminating 
continuous voltage stress across the diffuser tube. The 
purpose of the series resistor when used is to limit to 
approximately 500 amperes the one-half cycle of power 
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Fig, 41—Volt-time breakdown characteristics of one type of 
distribution type protector tubes. 


current that may follow the surge discharge, thus making 
the application of the tube independent of the system 
short-circuit current. 

The gap breakdown characteristics of the different volt- 
age ratings of a typical type of protector tube are shown 
in Fig. 41. After the gap breaks down, the discharge 
voltage is equal to the arc drop in the tube plus the drop 
across the series resistor, if one is used. The series resistor 
is generally provided with a shunt gap that limits the 
voltage across the resistor to about 30 kv. If the lightning 
surge is of sufficient current magnitude to build up 4 
resistance drop of 30 kv across the resistor the shunt gap 
flashes over and takes the resistor out of the discharge cir- 
cuit in which case the discharge voltage is the are drop 
through the tube. Surge currents high enough to cause 
the shunt gap to flash over, produce sufficient deionizing 
action in the diffuser tube to cut off after the discharge 
without the one-half cycle of power-follow current. 

Although the gap breakdown voltage of the protector 
tube is higher than that of a corresponding valve-typé 
lightning arrester, particularly at short time lags, the tube 
adequately protects modern distribution transformers 
rated 13800 volts and below if connected properly. 
Laboratory tests and operating experience have demon- 
strated the ability of a tube to discharge severe strokes 0 
lightning. This characteristic together with its ability t0 i 
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Fig. 42--Gap breakdown characteristics of typical distribu- 
tion type arresters for 114 x 40 microsecond voltage wave. 


withstand high momentary system voltage makes it 
especially well suited for application on rural circuits. 

Conventional Valve-Type Lightning Arresters— 
The valve-type lightning arrester is the device most gen- 
erally used for the protection of conventional distribution 
transformers, that is, transformers requiring separately 
mounted protective devices. The curves of Fig. 42 and 
Fig. 43, show respectively the gap breakdown charac- 
teristics and the discharge characteristics of typical mod- 
ern distribution-type arresters. 

Operating experience of several years has demonstrated 
the ability of conventional valve-type arresters to provide 
a high degree of protection to distribution transformers. 
Modern construction has eliminated the mechanical diffi- 
culties experienced with early designs, which resulted in a 
relatively high failure rate and occasional radio-inter- 
ference complaints. Field measurements of surge-crest 
magnitudes together with laboratory tests led to later 
designs having the ability to discharge surge currents of 
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Fig. 43— Discharge voltage characteristics of typical distribu- 
tion type arresters for 10 x 20 microsecond current wave. 
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high crest magnitude. More recent data obtained with 
the fulchronograph have shown that the distribution-type 
arrester should also be capable of discharging surge cur- 
rents of long duration. 

Valve-type lightning arresters are now available that 
will handle either surges of high crest magnitude or long 
duration. 

Surge-Proof and CSP Transformers—The surge- 
proof distribution transformer, containing, as a part of 
the transformer, devices for complete surge protection, 
was introduced in 1932. An expulsion tube arrester, known 
as the De-ion arrester was connected between each pri- 
mary terminal and tank. These arresters and the coordi- 
nated low-voltage bushings of these transformers together 
provided the three-point method of surge protection which 
for the first time gave the means for completcly protecting 
all three major insulations. 

These surge-proof transformers still required external 
fuse cutouts to disconnect the transformer from the line in 
case of secondary overload or short circuit or internal 
failure. Blowing of these fuses and sometimes failure of 
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Fig. 44—Circuit diagram of CSP transformer. 


If practice is to ground tanks, remove tank discharge gap and con- 
nect tank directly to ground. 


the cutout constituted a large share of the trouble expe- 
rienced with distribution transformers caused by lightning 
surges. Fuses cannot always be depended on to give ade- 
quate overload and short-circuit protection. Also, the 
mounting of cutouts necessarily adds to the cost and com- 
plication of installation of the transformer. 

The completely self-protecting (CSP) distribution trans- 
former, introduced in 19338, overcame these difficulties. 
Like its predecessor, it contained complete lightning pro- 
tection, provided by high-voltage De-ion arresters and low- 
voltage coordinated bushings arranged to give three-point 
protection, as shown in the circuit diagram of Fig. 44. 
In addition, an internal circuit breaker connected be- 
tween the low-voltage windings and low-voltage terminals 
protected the transformer against overload or secondary 
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Fig. 45—Sectional view of CSP transformer for operation on 


grounded-neutral circuit. 


short circuits. Finally, protection to the high-voltage 
feeders from internal transformer failures was given by 
internal protective links connected between the high- 
voltage winding and bushing. The internal breaker and 
protective links perform all of the functions of the fuse, so 
that with these transformers no external protective de- 
vices are required. Those transformers have now almost 
entirely superseded the surge-proof design. 

The bimetallic tripping element of the breaker, which 
is actuated by both load current and oil temperature, is 
calibrated to follow closely the permissible thermal load- 
time characteristics of the transformer windings and pro- 
vides loading on the basis of copper temperature. 

A sectional view of a CSP transformer with two cover 
bushings and De-ion arresters is illustrated in Fig. 45. Of 
special interest is the emergency control now supplied on 
these transformers. This device takes care of the occa- 
sional situation where the breaker cannot be kept closed 
after having been tripped by overload, because the over- 
load persists or motor starting currents are high. If it is 
imperative that service be restored, even at the risk of 
some loss of transformer life, the breaker setting may be 
elevated by means of the external emergency control 
handle to permit additional overloads. The necessity for 
the use of this device usually indicates that the load growth 
has exceeded the capacity of the transformer so that the 
unit should be replaced as soon as possible by a larger one. 

Recent developments include the extension of the CSP 
principle to include three-phase distribution transformers 
and both single- and three-phase completely self-protect- 
ing transformers for banked secondary operation (CSPB’s). 
The latter contain all of the protective features of the CSP 
transformers, and, in addition, they are supplied with two 
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breakers instead of one. These are intercon. 
nected within the transformer so as to section. 
alize the low-voltage circuits in case of faults 
or overloads. 

The CSP transformer is completely assem. 
bled in the factory thus making it possible to 
surge test the combined transformer and pro- 
tective equipment. Proof of coordination of the 
insulation of each CSP transformer is now 
given by applying to each assembled unit a 
surge test equivalent to a direct stroke of 


HIGHT lightning”. 


VII. SURGE PROTECTION FOR 
ROTATING MACHINES 


The insulation on the windings of rotating 
machines, such as large or small motors, a-c 
generators, and synchronous condensers, is held 
to a minimum because of limited space. Also, 
since the insulation is not immersed in oil, its 
surge strength is not much greater than the 
peak of the 60-cycle voltage breakdown. Special 
measures are, therefore, necessary to protect 
such equipment when it is connected to a sys- 
tem subject to the hazards of lightning-surge 
voltages. Likewise, the method of grounding 
effects the overvoltages, during fault con- 
ditions and switching, which may be impressed on rotat- 
ing machines; these phenomena are discussed in Chapters 
14 and 19. 

The stress on the major insulation of any machine, that 
is, the insulation between the winding and frame, is de- 
termined mainly by the magnitude of the surge voltage 
to ground, whereas the stress on the turn insulation is 
more a function of the rate of rise of surge voltage as the 
surge penetrates the winding?! 22, Protection of a rotat- 
ing machine, therefore, requires limiting the surge voltage 
magnitude at the machine terminals and sloping the wave 
front of the incoming surge. 

The effect of sloping the wave front is illustrated in 
Fig. 46. The curves of Fig. 46 (a) show the relative volt- 
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Fig. 46—Distribution of surge voltage in generator winding- 


(a) Without rotating machine protection. 
(b) With rotating machine protection. 
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ages to ground of the line terminal and two intermediate 
points in a phase winding of a machine without protec- 
tion for an incoming surge rising to crest in one-half micro- 
second. The differences in voltages at the various points 
in the winding result in high stresses between turns. 
The curves of Fig. 46 (b) show how the stresses between 
turns are decreased by sloping the wave front so that the 
surge at the machine terminals reaches crest in twelve 
microseconds. 

Limiting the surge voltage to ground sufficiently to 
protect the major insulation usually requires a special 
lightning arrester, having a low protective ratio, con- 
nected between cach machine terminal and grounded 
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Fig. 47—Line surge impedance and capacitor method of pro- 
tecting rotating machines. 


(a) Single machine connected to overhead line. 
(b) Two or more machines connected to common bus. 
(c) Machine connected through short cable to overhead lines. 
For simplicity, protective devices are shown on one phase only. 
Fach phase however must have the same protective apparatus in- 
Stalled. 


*For circuits below 2300 volts. 
**For circuits 2300 volts and above. 
***Cable lengths up to 1000 feet are considered short cables in this 
type of application. If the cable is over 2500 feet long and the ma- 
chine is connected directly to it, it is satisfactory to omit the capaci- 
tor at machine terminals. In this case the capacity effect of the cable 
is approximately equivalent to the capacitor. 
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frame. Where more than one machine is connected to a 
common bus, one arrester connected between each phase 
of the bus and ground generally is adequate if the machine 
frames are connected to a low-resistance ground common 
with the arrester ground. 

Sloping of the surge wave front is accomplished by let- 
ting the surge, after passing through a series impedance, 
charge a shunt capacitor connected to the machine ter- 
minals. 


18. Line Surge Impedance and Capacitor Method 


In this scheme of protection, a special arrester is in- 
stalled at the machine terminal to limit the magnitude 
of the voltage impressed on its windings. The sloping of 
the surge is accomplished by a capacitor charged through 
the surge impedance and reactance of the line. See Fig. 
47. To limit the voltage that determines the charging 
rate of the capacitor, a lightning arrester or protector tube 
is placed on each overhead line far enough ahead of the 
machine so that the arrester will discharge before the 
voltage impressed on it is modified by reflections from the 
capacitor. This distance will depend upon the slope of 
the incoming surge. The farther out the arrester is located, 
the less will be the stress on the machine winding for 
surges originating beyond the arrester, but the greater will 
be the possibility of a surge originating between the line 
arrester and the station. A distance of 1500 to 2000 feet 
is 2 good compromise between the possibilities of a stroke 
within this area and the effect of distance on the charging 
rate of the capacitor. 

The rate of rise of the surge reaching the machine is 
also a function of the amount of capacitance used. The 
maximum permissible rate of rise depends upon the ve- 
locity of propagation of the surge in the machine winding, 
the number of turns per coil, the turn length and the turn 
insulation. A study of many cases has indicated that the 
maximum rate of rise should be limited to a value such 
that, if the terminal voltage continues to rise, it will not 
equal the test voltage of the machine in less than 10 micro- 
seconds. Considering a minimum practical line surge 
impedance and a practical machine surge impedance, this 
requires at least } microfarad of capacitance. It is inde- 
pendent of rated circuit voltage because the machine test 
voltage and the voltage limited by the line arrester are 
proportional to rated circuit voltage. However, in the 
construction of capacitors there is a limit to the minimum 
capacitance that can be obtained economically on a 
standard unit. For example, the standard 6900-volt unit 
contains $ microfarad, whereas the 13 800-volt unit con- 
tains only 3 microfarad. 

In an ungrounded machine, because of the possibility of 
reflections from the neutral point, the voltage may double 
at the neutral. To limit the voltage at the neutral as 
recommended, it is necessary to hold the rate of rise of the 
surge entering the machines to 4 the recommended value, 
by using at least 3, instead of } microfarad. In Table 9 
are given the recommended capacitances for various volt- 
age classes from 650 to 13 800 volts. For 11500 and 
13 800-volt classes, two standard }-microfarad units are 
recommended for ungrounded machines, whereas } micro- 
farad is sufficient for a grounded machine. Below 11 500 
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TABLE 9— RECOMMENDED CAPACITANCE VALUES FOR LINE 
SURGE IMPEDANCE METHOD OF PROTECTING ROTATING MACHINES 


Circuit Machine* Number of Microfarads 
Voltage Neutral Standard Units in Each ; 
‘ Connection per Phase Standard Unit 

650 any 1 2 
2400 any 1 0.5 
4160 any 1 0.5 
4800 any 1 0.5 
6900 any 1 0.5 

11 500 Grounded 1 0.25 

11 500 Ungrounded 2 0.25 

13 800 Grounded 1 0.25 

13 800 Ungrounded 2 0.25 


*Machine neutral considered grounded if grounded through a resistor of 50 ohms 
or less. Reactance grounded machines should be considered ungrounded. 


volts, the standard unit contains 4 microfarad so no in- 
crease is required for ungrounded machines. In some 
applications it may be expedient to use an arrester from 
the neutral point of the machine to ground. 

For all machines larger than 1000 kva, special station 
type arresters should be used at the generator terminals. 
For machines of less than 1000 kva station type arresters 
may not be justified economically. Special line-type ar- 
resters can be used. 

In all cases, standard line-type arresters or protector 
tubes are placed out on every overhead line entering the 
station at generator voltage. For 2300-volt circuits and 
above, these arresters should be located approximately 
1500 feet from the station. For voltages below 600 volts, 
these arresters can be located within 500 feet of the station. 

The possibility of a lightning stroke to the line near the 
station can be minimized by overhead ground wires placed 
over this part of the line as indicated in Fig. 47 (b). Their 
spacing and location, with respect to the phase wires, is 
important and the application requires special study. 
There is a limit, however, to what can be done with ground 
wires. It should be stressed that the lightning strokes 
terminating on low-voltage circuits are just as severe as 
those terminating on high-voltage circuits. Therefore, to 
get. good protection with overhead ground wires, the 
equivalent of a high-voltage line, with large spacing and 
increased surge insulation from line wires to ground con- 
ductors should be used for the first 1500 or 2000 feet from 
the station. Properly applied ground wires then are ex- 
pensive on low-voltage circuits, especially if considerable 
money has to be spent to decrease the ground resistance. 
In many cases, it is more economical to use the choke-coil 
scheme of surge protection. 

If the machine is connected to the overhead line through 
a short cable, Fig. 47 (c), the protection at the machine 
should be the same as discussed above. In addition there 
should be a set of line-type arresters on the line 1500 to 
2000 feet from the cable pothead and another set at the 
cable pothead. If several cables are connected to the bus 
or machine and their total length exceeds 2500 feet the 
cable capacity acts to slope the wave front, and the capac- 
itor can be omitted at the machine. 
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19. Choke Coil and Capacitor Method 


The most complete protection of rotating machineg 
connected directly to overhead lines is obtained when 
lightning arresters are used to limit the magnitude of the 
incoming surge, and lumped inductance and capacitance 
are used to limit the slope of the incoming surge. With 
this scheme of protection, the machine is given full pro- 
tection for all surges, even for direct strokes to the over- 
head line close to the station. 

Special lightning arresters are paralleled with the re- 
quired amount of capacitance and tied to the generator 
terminals or station bus. See Fig. 48. A standard arrester 
is applied on the line side of the choke coil to limit the 
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Fig. 48—Choke coil and capacitor method of protecting rotat- 
ing machines. 


voltage that determines the charging rate of the capacitor. 
The rate of rise of the terminal voltage depends upon both 
the amount of inductance and amount of capacitance 
used. The values that should be used to limit the rate of 
rise to the maximum permissible value are given in Table 
10. A study has shown that the minimum capacitance 
to use in conjunction with a 175-microhenry choke is } 


TABLE 10— RECOMMENDED CAPACITANCE VALUES FOR CHOKE 
CoIL AND CAPACITOR METHOD OF PROTECTING ROTATING 


MACHINES 
Sa Diaehine* Number of Standard Capacitors 
ircui Neutral per Phase 
votaue Connection 
175 uh Choke 350 wh Choke 
650 any 1 
2400 Grounded 1 me 
2400 Ungrounded 2 1 
4160 Grounded 1 Ae 
4160 Ungrounded 2 1 
4800 Grounded 1 we 
4800 Ungrounded 2 2 
“6900 Grounded 1 
6900 Ungrounded 2 . 1 
11 500 Grounded 2 1 
11 500 Ungrounded 4 2 
13 800 Grounded 2 1 
13 800 Ungrounded 4 2 


*Machine neutral considered grounded if grounded through a resistor of 50 ohms 
or less. Reactance grounded machines should be considered ungrounded. 


‘ 
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microfarad for grounded machines. If the inductance is 
increased to 350 microhenries, } microfarad would be 
sufficient. 

For all machines above 1000 kva, special station-type 
arresters should be used at the generator terminals— 
whereas below 1000 kva special line type arresters can be 
used. In all cases, standard line or station-type arresters 
are located on the line side of the choke coil. Station-type 
arresters are recommended, but, where it is not felt that 
they can be justified, line-type arresters can be used; the 
degree of protection expected will dictate the arrester 
to use. 

This scheme is more expensive, but gives decidedly 
more reliable protection because the area close to the sta- 
tion is fully protected. 


20. Machines Connected to Overhead Lines 
Through Transformers 


Experience with machines connected to overhead lines 
through transformers has indicated that damage to the 
machines from lightning surges on the overhead lines is 
rare if adequate arrester protection is provided on the 
high-voltage side of the transformer. However, surges 
coming in over an overhead line may produce high volt- 
ages on the low-voltage side of the transformer, even if 
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Fig. 49— Protection of rotating machines connected through 
power transformers to overhead lines. 


the high side is adequately protected with arresters. The 
surge is transmitted through the transformer by both 
electrostatic and electromagnetic coupling. The electro- 
static coupling depends upon the transformer capacitances 
between windings and to ground, and is independent of 
reactance and turns ratio. The electromagnetic coupling 
depends upon the turns ratio, reactance and size of the 
transformer, as well as the bank connection, that is, 
whether star-delta, star-star, etc. 

Where additional protection to the rotating equipment 
is desired, it can be obtained by connecting a special ar- 
rester and one standard capacitor unit to each phase ter- 
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Fig. 50—Protection of rotating machines connected direct to 
and through transformers to overhead lines. 
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minal of the machine. A standard lightning arrester is, 
of course, required on the line side of the transformer to 
protect the transformer. See Fig. 49. 

When the machine is connected to an overhead line 
both direct and through transformers, the special arrest- 
ers and capacitors should be applied at each machine 
terminal the same as when the machine is connected to 
the overhead line only. Standard line-type arresters 
should be located from 1500 to 2000 feet out on the direct- 
connected line. Standard station type arresters should 
be installed on the high side of the transformer. See Fig. 
50. 


21. Machines Connected to Overhead Lines 
Through Feeder Regulators or Current Limit- 
ing Reactors 


If the machine is connected to the overhead line through 
a feeder regulator or current limiting reactor, the protec- 
tion should be the same as for a machine directly con- 
nected to the overhead line. In addition, a standard line- 
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Fig. 51—Protection of rotating machines connected through 
current limiting reactor or feeder voltage regulator to over- 
head lines. 

(A reactor, when present, is equivalent approximately to the effect 
of using a choke coil. Arrester A may be omitted if the current 

limiting reactor has an inductance of over 350 microhenries.) 


type arrester should be added on the line side of the regu- 
lator or reactor. See Fig. 51. 

If the inductance of the current limiting reactor is 
greater than 350 microhenries, the arrester on the line 
can be omitted. 


22. Characteristics of Special Lightning Arresters 


Special low-breakdown lightning arresters for connec- 
tion in parallel with capacitors at the machine terminals 
(or at the bus if two or more machines are connected to a 
common bus) are available in either the station type or 
line type. The characteristics of typical arresters of both 
types are shown in Table 11. The station type arresters 
have a somewhat lower breakdown voltage, a lower dis- 
charge voltage at high surge currents, and a higher surge- 
current discharge capacity. 

For the best protection, station-type arresters should 
be applied to machines of all ratings. However, it is 
recognized that applications involving small sized ma- 
chines may not economically justify the most expensive 
protection. For that reason, line-type arresters are gen- 
erally applied on machines 1000 kva and below, and 
station-type arresters on machines larger than 1000 kva. 

Either arrester must be applied on the basis that the 
power voltage from line to ground across the arrester 
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TABLE 11— PERFORMANCE CHARACTERISTICS OF SPECIAL LIGHT- 
NING ARRESTERS FOR SURGE PROTECTION OF ROTATING 


MACHINES 
Gap Breakdown 
Front of Discharge 
Voltage B eat ae Voltages 
Type Rating reakdown Font 0) on 1020 
Kv Rms | 89 Cycle | of Stand- | 10 Micro- | ys Wave 
Kv Rms | ard AIEE | seconds to | 1500 Amp 
Rate of )Breakdown 
Rise, Kv Crest* 
Kv Crest ; 
3 8 12 9 9 
Special 6 13 22 17 18 
Station 9 21 30 26 27 
Type 12 25 40 34 36 
15 30 50 42 45 
0.5 1.0 2.5 25h 2.5 
0.75 1.6 3.4 3.0 3.4 
Special 3 7 14 9 9 
Line 6 14 25 18 18 
Type 9 21 33 27 27 
12 27 44 36 36 
15 34 55 45 45 


*Breakdown when used with capacitor. 


under any normal or fault condition does not exceed the 
arrester phase-leg rating. 


Vill. SUMMARY 


The problem of coordinating the insulation of electrical 
equipment has progressed through years of research from 
a subject only vaguely understood to a sound engineering 
practice based on well defined principles and known facts. 
Basic insulation levels have now been established that fix 
the lower limits of insulation surge strength to definite 
values that can be demonstrated by standardized test 
methods. Protective devices are available that will pro- 
vide a high degree of protection to insulation meeting the 
basic levels. Effective schemes have been devised for pro- 
tecting insulation that requires special consideration. 

This progress was made possible only by cooperation 
between the manufacturers and users of electrical equip- 
ment in obtaining invaluable information on the nature 
of lightning and its effects on equipment in service. Con- 
tinued cooperation will undoubtedly produce additional 
information that will make possible further improve- 
ments to the methods of coordinating insulation. 
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GROUNDING OF POWER SYSTEM NEUTRALS 
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more difficult to select than any other feature of 

its design. The large number of factors that must 
be considered is partly responsible, but primarily it is 
because most of these factors cannot individually be set 
up in terms of dollars and cents, and thus weighed, one 
against the other, to get the best compromise between 
conflicting influences. Arc 

Historically, there has been a gradual nents in Ameri- 
can practice from ungrounded, to resistance grounded, to 
solid or effective grounded. The main reasons for these 
trends can readily be traced. Most systems were initially 
operated with their neutrals free, that is, not connected to 
ground. This was the natural thing to do as the ground 
connection was not useful for the actual transfer of power. 
The method had a strong argument in its favor, since an 
insulator failure on one of the phases could be tolerated 
for some little time until the fault could be located and 
repaired. Also most lines then were single circuit, and the 
free-neutral feature permitted loads to be carried with 
fewer interruptions than had the neutral been grounded 
and considerable fault current flowed. Another important 
consideration was that relaying had not come into general 
use, so that many prolonged outages were avoided by the 
ungrounded operation. 

Limitations to ungrounded operation began to develop 
with the growth of systems, both as to mileage and volt- 
age. This increased the currents when a ground occurred, 
so that an increasing proportion of transient grounds 
(from lightning, or momentary contacts) were no longer 
self-clearing. Furthermore, the phenomena of “arcing 
grounds” became prominent in the eyes of utility engi- 
neers. By arcing grounds was meant a process by which 
alternate clearing and restriking of the arc caused recur- 
ring high surge voltages. This phenomena proved quite 
elusive and long defied conclusive confirmation, but the 
theory gained many adherents, so that by 1920 the ma- 
jority of systems were grounded either solidly or through 
resistance. Subsequently progress has been made in ana- 
lyzing this phenomena, and recently an accumulation has 
been made of operating records of isolated-neutral systems. 
More recent transient-overvoltage comparisons between 
isolated and grounded systems have shown the former to 
give higher overvoltages, both during faults and switching 
operations, although not as high in magnitude as formerly 
suspected. Furthermore the operating records of un- 
grounded systems in recent years with proper surge pro- 
tection and coordination of insulation do not show pro- 
nouncedly greater equipment failure rates than on the 
grounded systems. It therefore appears logical to conclude 
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that, while ungrounded operation is more hazardous to 
equipment than: grounded, the degree of difference was 
somewhat maskéd by improvement in the apparatus itself 
while changeovers to grounded operation were taking place. 

The first tendency in grounding was to limit the maxi- 
mum amount of fault current by means of neutral re- 
sistances. A number of empirical formulas were advanced 
in an attempt to rationalize the procedure of determining 
the maximum value of resistance that could be used. 
These formulas were variously expressed in terms of line 
or cable lengths, charging current to ground, and some 
involved the connected generating kva of the system. 
More recent investigations seem to confirm that the maxi- 
mum permissible neutral-grounding resistance is inversely 
proportioned to the total line-to-ground charging kva. 
However, it appears that other practical considerations, 
such as relaying, will dictate a lower maximum limit to 
grounding resistance than the arcing phenomena would 
require. 

On systems whose voltage is higher than generated volt- 
age, particularly 113 kv and above, a saving in system 
cost became available by the use of transformers having 
the insulation graded from the line terminal to the neutral, 
if the neutral was solidly grounded. The cost of the ground- 
ing resistor and the space required by it were also saved. 
Consequently, the next major trend, particularly in the 
transmission field, was toward solid or effective grounding. 
For the higher voltages, this is now the most prevalent 
grounding procedure in the United States. 

In individual locations on some systems, particularly 
in the vicinity of 69-kv nominal system voltage, instances 
have occurred where high concentrations of power have 


led to ground-fault currents so high as to be deemed ob- . 


jectionable from the standpoint of conductor burning and 
inductive influence on communication circuits. In several 
of these instances, neutral-grounding reactors of moderate 
ohmic size have been used in the grounding of certain 
transformer banks. 

In Europe, the Jast thirty years have seen considerable 
use of ground-fault neutralizers (Petersen coils). In many 
instances they have materially reduced outages caused 
by ground faults. There are about 50 installations in this 
country, most of which were made in the last 15 years, 
indicating an increasing interest. 


J. FUNDAMENTAL PRINCIPLES OF 
SYSTEM GROUNDING 
1. Ungrounded Systems 
A simple ungrounded-neutral system is shown in Fig. 
1 (a). The line conductors have capacitances between one 
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Fig. 1—Simple ungrounded-neutral system. 


another and to ground, as represented by the delta- and 
star-connected sets of capacitances. The delta set of ca- 
pacitances has little influence on the grounding charac- 
teristic of the system and will therefore thenceforth be dis- 
regarded. : 

In a perfectly transposed line, each phase conductor will 
have the same capacitance to ground. With balanced 
three-phase voltage applied to the line, the current in each 
of the equivalent capacitances will be equal and displaced 
120 degrees from one another. The voltages across each 
branch are therefore equal and also displaced 120 degrees 
from one another. Consequently, there will be no potential 
difference between the neutral points of the supply trans- 
former bank and that of the capacitances. These vector 
relations are shown by Fig. 1 (b). Since the neutral of the 
capacitances is at earth potential, it follows that the neu- 


(b) 


Fig. 2—Ground fault on simple ungrounded-neutral system. 
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tral of the transformer bank is also at ground potential, 
being held there by the balanced electrostatic capacitance 
to ground. In a sense, the system is therefore capacitance 
prommied: 

If one conductor, phase a for example, becomes faulted 
to ground, there will no longer be any current flowing in 
the capacity branch between that phase and ground, be. 
cause the difference of potential no longer exists. How- 
ever, the voltage across the other two capacity branches 
will increase because the voltage across them rises to 
phase-to-phase voltage. Moreover, as shown by Fig. 2 (b), 
the voltages to ground are no longer 120 degrees out of 
phase, but 60 degrees. Hence the sum of the currents is 
no longer zero, but is three times the original current to 
neutral. In phase position the current J; flowing from the 
faulted conductor to ground, which is the usual conven- 
tion, leads the original phase-to-neutral voltage by ap- 
proximately 90 degrees. 

The actual solution for soles and currents is most 
conveniently carried out by means of the method of sym- 
metrical components as given in Chap. 2. The current in 
the faulted phase is then 


3k, 
Z:+Z2+Zo 


In this connection, two points are of interest. Zo, the 
zero-sequence impedance at the point of fault will, for an 
ungrounded neutral system, be predominantly capacitive, 
whereas Z, and Z. are predominantly inductive. Conse- 
quently, the two tend somewhat to neutralize one another. 
On long lines, this is particularly so, as Z; and Zs increase 
with length, whereas Z) decreases. A further effect noted 
on long lines is that the zero-sequence charging currents 
for remote sections must be drawn through the series 
reactance of intervening sections, causing a zero-sequence 
voltage rise toward the far end. This can result in the 
ground or “neutral” point lying outside of the triangle of 
line voltages as shown by Fig. 3. This situation is rarely 


Fig. 3—Neutral displacement outside triangle of voltage on 
long lines. 


of importance unless the line lengths exceed about 200 
miles. If the generating capacity is small, the additional 
charging current caused by a ground fault may materially 
increase the phase-to-phase voltages. 

The electrostatic capacitances of each line to ground 
were.assumed in the discussion above to be the same. This 
will be substantially the case for a transposed line. With 
untransposed lines this will not be true, , particularly if the 
configuration of the conductors is flat“or vertical. The 
exact amount of unbalance can be calculated by determin- 
ing the capacity coefficients of the conductors.* Jn ex- 
treme cases, the unbalance with either configuration may 

*See Chapter 3. 
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give as much as five percent zero-sequence voltage. There- 
fore, in practice, the system neutral on an ungrounded- 
neutral system may be displaced from ground as much as 
five percent of the normal line-to-neutral voltage under 
unfaulted conditions. This may not be objectionable, al- 
though sometimes interference may be caused with com- 
munication circuits. 


2. Resistance-Grounded Systems 


A typical resistance-grounded neutral system is shown 
in Fig. 4. As commonly installed, the resistance has a 


Rac 


Fig. 4—Simple resistance-grounded system. 


considerably higher ohmic magnitude than the system 
reactance at the resistor location. Consequently, the line- 
to-ground fault current is primarily limited by the resistor 
itself. Other than in exceptional cases, such as long lines 
at high voltage, or extensive cable systems, the capacitive 
current is small compared to the resistive current, and 
can be neglected. 

An important consideration in resistance-grounded sys- 
tems is the power loss in the resistor during line-to-ground 
faults. The power loss is shown in Fig. 5 as a percentage 


POWER LOSS~PERCENT OF SYSTEM RATING 


0 
ie) 40 80 . 
NEUTRAL RESISTANCE-PERCENT ON SYSTEM KVA 


120 160 


Fig. 5—Power loss in neutral resistor during line-to-ground 
faults, 


of the kva rating of the entire connected generating ca- 
Pacity on the system, and as a function of the value of the 
neutral resistance. The latter is expressed in percent on 
the system kva. A generator reactance of 16 percent and 
4 transformer reactance of 8 percent were used in the 
Preparation of the curve. 
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For this example, Zo=3R+ 78; Z21:=0+j24; Z.=0+ 724. 


_The per unit fault current is given by the expression 


I;=300/(8R +756). Thevoltagedevelopedacrossthe ground- 
ing resistor is I;/2. The power loss in the grounding resistor 
is J;Ep or I;?R. I, and Fr are both in terms of normal 
values per phase. The power loss obtained by their prod- 
uct is therefore in terms of normal value per phase. Con- 
sequently, if the power loss in the resistor is to be expressed 
in terms of total three-phase system kva rating, it must 
be divided by three. Thus resistor power loss in percent 
is I;°?R/3, when J; is in per unit and RF in percent. 

The maximum power loss for this case is 89.3 percent 
of the system rated capacity if three times the resistance 
in the neutral has the same ohmic magnitude as the react- 
ances determining the ground-fault current. If the gen- 
erator reactances are lower, still higher power will occur 
during grounds and may cause violent swinging of gen- 
erator phase position or instability. Resistances in this 
region are to be avoided, and since there is always some 
additional resistance in the fault, it is preferable that the 
grounding resistors alone be sufficient to carry well beyond 
the peak. 


(72) 


NEUTRAL RESISTANCE—OHM 


9 200,000 400,000 600000 800,000 1,000,000 1,200,000 
KVA, RATING OF SYSTEM 


Fig. 6—Effect of system size and operating voltage on size of 
neutral resistor to limit ground fault current to one-quarter 
full-load system current. 
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The actual ohmic value of the grounding resistor re- 
quired will vary widely depending upon the circuit volt- 
age and system capacity. This effect is shown in Fig. 6, 
which assumes arbitrarily that the ground-fault current 
is to be limited to 14 of full-load system current. By “‘full- 
load system current’’ is meant the summation of the rated 
currents of all generating capacity, converted to the volt- 
age base of the line. In terms of the rated line currents, 
the fault currents may still be several times full load, de- 
pending upon the number of lines. Fig. 6 is principally 
for illustrative purposes, and quite wide variations from 
the resistor ohms shown are satisfactory in practice. It 
should be understood that the resistance value indicated 
by Fig. 6 is the paralleled value of all resistors, if multiple 
grounding is used. 


3. Effectively Grounded Systems 


The term “effectively grounded” has replaced the older 
term “solidly grounded,” for reasons of definition. A 
transformer neutral may be “solidly grounded” in that 
there may be no impedance between the neutral and earth. 
However, the transformer capacity thus “solidly ground- 
ed” may be too small in comparison with the size of the 
system to be effective in stabilizing the voltages from 
phases to ground, when ground faults occur. This is par- 
ticularly the case when small grounding transformers are 
used to provide a source of ground current for relaying. 

The effect of different degrees of grounding is illustrated 
in considerable detail in Chap. 14. From Fig. 5, Chap. 14, 
the range of ground-fault currents is from 0 to 3.0 times 
the three-phase short-circuit current. As shown in Fig. 6, 
the line-to-ground voltage on an unfaulted phase ranges 
from about 0.6 to 2.0 times the normal line-to-neutral 
voltage during a line-to-ground fault. These figures are 
the rms dynamic quantities, as distinguished from transi- 
ent, voltages or currents. 

These curves make it apparent that the term “solidly 
grounded” is too indefinite to describe a grounding pro- 
cedure that varies over such a wide range. A designation 
in terms of the ratio of zero sequence to positive sequence 
reactance Xo/X1, is much more logical and definite. 

Section 32-1.05 of AIEE Standard No. 32, May 1947, 
defines effective grounding as follows: 

‘“‘A system or portion of a system can be said to be effectively 
grounded when for all points on the system or specified portion 
thereof the ratio of zero-sequence reactance to positive-sequence 
reactance is not greater than three and the ratio of zero-sequence 
resistance to positive-sequence reactance is not greater than one 
for any condition of operation and for any amount of generator 
capacity.” 

An example of an effectively grounded system is shown 
by Fig. 7. On the basis of generating capacity at station A 
225% A A 


Xp=25% 80 MILES 69 KV ran 4 


A X, =34% B 
é } 3 Xo2120% : 
X)=7% | | 
Xe77% 


Xo27% 
Fig. 7—Typical solidly grounded system. 
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only, the positive- and negative-sequence reactanceg fo, 
faults at station A are each 25+-7 =32 percent, this bein 
the sum of the generator and transformer reactances. The 


three-phase fault current is therefore ne times full. 
load current. The fault current for a single line-to-ground 
. 300 , 
fault is 304.3947 > 4.23 times full-load current. The ratio 
ae: 
Xo/X1 18 39 7 0-219. 


For a fault at station B, 80 miles away, the positive. 
and negative-sequence reactances are increased by 34 per- 
cent and the zero-sequence reactance by 120 percent, by 
the transmission lines. The three-phase fault current jg 


100 ‘ 
~~ = 1.51 times full load. The single-phase fault current 


66 

ig e116 times fall load, “The matio Xy/X 4 
66460h107 1 ull load. e ratio Xo/X;, ig 

127 

— = 1.92. 

66 : 


The voltage of the sound or unfaulted phases can be 
conveniently read from Chap. 14, Fig. 6. For a fault 
at station A, where the ratio Xo/X1 is 0.219, Fig. 6 
shows that the line-to-ground voltage is approximately 
0.9 of normal line-to-neutral voltage (Ro/X1 is about 
0.1 if there is no fault resistance). For a fault at station 
B, the corresponding ratio Xo/Xi is 1.92 and the line-to- 
ground voltage on an unfaulted phase is about 1.15 
times normal. 


4, Reactance-Grounded Systems 


AIEE Standard No. 32-1.08 states: 

“Reactance Grounded—Reactance grounded means 
grounded through impedance, the principal element of 
which is reactance. (Modified from 35.15.215.) 

Note: The reactance may be inserted either directly, in the 
connection to ground, or indirectly by increasing the reactance 
of the ground return circuit. The latter may be done by in- 
tentionally increasing the zero-sequence reactance of apparatus 
connected to ground, or by omitting some of the possible connec 
tions from apparatus neutrals to ground.” ; 


As thus defined, “reactance grounded” implies the in- 
sertion of a reactance in the ground connection. Within 
this meaning a reactance-grounded system is not solidly — 
grounded; it may or may not be effectively grounded, and 
it may or may not be resonant grounded. For the discus- 
sions in this chapter, “reactance grounded” is defined in 
terms of Xo/X. ratio, a system being reactance grounded 
if Xo/X, exceeds 3.0, but is less than the value necessary 
for resonant grounding. Thus defined, putting a low re 
actance between a generator or transformer neutral and 
ground such that Xo/X, remains less than 3.0 does not 
constitute reactance grounding. Similarly, if a grounding - 
transformer has its neutral solidly grounded, but Xo/X1_ 
exceeds 3.0, the system is presumed to be reactancg © 
grounded. und 

The system of Fig. 7 can be converted to a teactanc@, a 
grounded system if a reactor of sufficiently high reactance? 
is connected between the transformer neutral and grouny, 
at station A. If a reactor having a 60-cycle reactance Oy 


’ 
\ 
y 
‘ 
\ 
‘ 
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16 ohms is used, this will be the equivalent of 8.4 percent 
on 25 000 kva. When multiplied by 3 (See Chap. 2) and 
added to the transformer reactance of seven percent the 
gero-sequence reactance becomes equal to the positive- 
and negative-sequence reactances. The current for a line- 
to-ground fault at station A then becomes equal to that 
for a three-phase fault. If therefore, the high ground-fault 
current with transformers. solidly grounded had necessi- 
tated circuit breakers with greater interrupting ability 
than required for three-phase faults, the addition of the 
reactor would make the larger breakers unnecessary. 


300 
At station B, the ground fault current is 66+66+152 


=1.06 times full load. The ratio Xo/X; is a= 2.30. 


From Chap. 14, Fig. 6, the maximum line-to-ground volt- 
age on an unfaulted phase is about 1.18 times normal. 

Thus, the addition of a neutral reactor at a generating 
station may equalize the three-phase and single-phase 
short-circuit currents without greatly changing the mini- 
mum line-to-ground fault current, or the voltage from 
maximum phase to ground. 

The installation of such a nominal amount of reactance 
is not sufficient to change the classification of the system 
from effectively grounded to reactance grounded, inasmuch 
as excessive neutral displacements do not occur with 
ground faults. This applies particularly in the vicinity of 
station A, but to a lesser extent in the vicinity of station B. 

If a 50-ohm neutral reactor is installed at station A, the 
effective zero-sequence reactance at that point becomes 


967%,.” The ratio. Xi), at atationsd te then spre. At 


station B the ratio Xo/X1 is a8. Therefore on the 


basis of the AIEE definition cited above, the system would 
be regarded as effectively grounded at station A but not 
at station B. On the basis of the treatment in this chapter 
the system of Fig. 7, with the 50-ohm grounding reactor 
is considered reactance grounded. 


5. Resonant-Grounded Systems 


A resonant-grounded system is one in which the capaci- 
tance current is tuned or neutralized by a neutral reactor 


» orsimilar device. The principle of operation of the ground- 


fault neutralizer is quite simple. As commonly used, the 


. neutralizer is simply a tapped reactor connected between 


a transformer neutral and ground. When one phase of the 


‘ system is grounded, a lagging reactive current flows from 


a the neutralizer through the transformer to the fault and 


thence to ground. At the same time the capacitance cur- 
Tent will be flowing from line to ground (See Sec. 1). The 
lagging current from the reactor and the leading current 
from line capacitance are practically 180 degrees out of 
phase and therefore the actual current to ground at the 
fault is equal to the difference between them. By properly 
tuning the reactor (selecting the right tap) the two currents 
Can be made almost exactly equal, so that their difference 
'S substantially zero. Under this condition the current in 
the fault is so small that in general the arc will not main- 
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(a) SYSTEM WITH NEUTRAL REACTOR 
AND NO CAPACITANCE TO GROUND 


s+— 173 


ig 


=13.0 


(b) SYSTEM WITH FREE NEUTRAL 
AND CAPACITANCE TO GROUND 
—=— 1.73 


is 


(c) COMBINATION OF (a) AND (b) 


Ip Te 
c c ¢ 
Top | Toc 
6 6 G 
RESULTANT 
| lie" 
| F 
b ; 6 b ; 
Is If 
SYSTEM (a) SYSTEM (b) COMBINATION OF (a) &(b) 


(4) VECTOR RELATIONS 


Fig. 8—Illustration of operation of ground fault neutralizer 
by principle of superposition. 


tain itself, and the fault is extinguished or “quenched.” 
This condition is shown in Fig. 8. 

When extinguishing a ground fault, the combination of 
neutralizer reactance and line capacitance constitutes a 
parallel resonant circuit. This is brought out clearly by 
the zero-sequence diagram as shown by Fig. 9. In this 
diagram Xy, is the neutralizer inductive reactance and Xc 
the line capacitive reactance. “‘G’’ is an equivalent gen- 
erator of zero-sequence voltage numerically equal to the 
system line-to-neutral voltage and X the fault. With X 
closed, there will be a current circulating between Xc and 
X, but no current through the fault X. If X be assumed 
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Fig. 9—Zero-sequence reactance diagram of system with 
ground fault neutralizer showing parallel resonant circuit 
where zero-sequence voltage is created by fault to ground. 


to open, as by the extinguishment of the arc, the resonant 
combination of Xz, and Xo will continue to produce an 
alternating voltage of about the same frequency and mag- 
nitude as the original applied voltage from G. Conse- 
quently, the actual voltage across the arc is small when it 
first extinguishes. This is a condition favorable to pre- 
venting restriking. In other words, the successful extin- 
guishing of ground faults by neutralizers results in part 
from the low current and in part from the low voltage 
appearing across the are when it goes through a “current 
zero.” 

It is of interest to note that the ground-fault neutralizer 
also constitutes a series resonant circuit in case there are 
any zero-sequence voltages on the system. In Sec. 1 on 
Ungrounded Systems, reference was made to the fact that 
with unsymmetrical line configurations a difference of 
several percent may exist in the charging current to ground 
of the three phases, resulting in a residual voltage. A zero- 
sequence voltage created by line or transformer unbalances 
is the equivalent of an actual source of voltage between 
the system neutral and ground, as shown in Fig. 10. Here 


Fig. 10—Zero-sequence reactance diagram of system with 

ground fault neutralizer showing series resonant circuit 

where a zero-sequence voltage is created by unbalanced 
" capacitances to ground, 


Xc and X, are the same as in Fig. 9, but the generator G 
equivalent to the zero-sequence voltage is now in series 
with the combination. The result of this connection is 
that a relatively small zero-sequence voltage is capable of 
producing a fairly high voltage across the reactor and ca- 
pacitor. This, of course, causes the neutral to be con- 
siderably displaced, perhaps 10 or 15 times the amount of 
the original zero-sequence voltage. This situation must be 
watched in the application of ground-fault neutralizers, 
and if the fundamental frequency zero sequence voltage is 
in excess of about 114 percent, transposition of this line 
will probably be necessary. 

Except for extremely long lines, the zero-sequence ca- 
pacitive reactance alone can be used to calculate the cur- 
rent rating of the ground-fault neutralizer from the rela- 
3E, 
ey 
operated with neutral isolated, HZ, is the phase to neutral 


tion [;= 


where J; is the fault-to-ground current when 
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voltage, and X’y is the zero-sequence capacitive reactanca 
per phase. 

The ground-fault neutralizer current rating is Made 
equal to or greater than the total system charging current 
in a ground fault. A standard reference on methods of 
calculating these currents is the Joint HEI Bell Telephone 
systems report Vol. IV, Reports 26-38 dated Janua 
1937. However, it has been found that all the methods 
available for calculating this current invariably give lower 
than the corresponding measured ones. For results that 
are estimates, the data of Table 1 can be used: 


TABLE 1—GROUND FAULT NEUTRALIZER CURRENT PER 
MILE OF SINGLE CIRCUIT OVERHEAD LINE 


Voltage-Kv Amperes 
i es 
23 0.145 
34.5 0.20 
46 0.26 
69 0.39 


For double-circuit lines on the same tower or poles, re- 
duce the particular line sections to equivalent single-circuit 
miles of overhead line by increasing the mileage by 1.3 for 
34.5 kv and 1.6 for 69 kv lines. 

For overhead ground wires, convert the particular line 
sections to equivalent single-circuit miles of overhead line 
by increasing the line mileage by 1.08 for one ground wire 
and 1.15 for two ground wires. 

For cables, reduce sections to equivalent sections of 
overhead lines by the following factors: 

1 mile of three-conductor cable=25 miles of overhead 
line. 

1 mile of single-conductor cable=50 miles of overhead 
line. 

The neutralizer selected should have a current rating 
at least 20 percent in excess of the maximum total current 
obtained by using the above figures. 

On lines shorter than 200 miles calculations made in the 
above manner will be well within the engineering accuracy 
required. For longer lines, the zero-sequence inductive 
reactance of the line should be considered, as it may have 
some influence on the size of reactor required. 


II. PRACTICAL CONSIDERATIONS IN 
SYSTEM GROUNDING 


The broad objective in selecting a type of system ground- 
ing is to secure the best compromise of the conflicting ad- 
vantages and disadvantages of the various methods. The. 
first column of Table 2 lists items affected by the method 
of grounding. The subsequent columns give in abbreviated 
form the attributes of the particular type of grounding. 
The following sections discuss the features of the different 
methods of grounding in more detail. 


> 


6. Ungrounded Systems 


The principal virtue of an ungrounded-neutial system 
is its ability, in some cases, to clear ground faults without 
interruption. The self-clearing feature disappears WHe2 — 
the length becomes appreciable. This effect is one 


Chapter 19 


Grounding of Power System Neutrals 


TABLE 2 


649 


A 
Ungrounded 


B 
Effectively Grounded 


Cc 


Reactance Grounded 


D 


Resistance Grounded 


E 
Resonant Grounded 


(1) Apparatus 
Insulation 

(2) Fault to 
Ground 
Current 


(3) Safety from 
voltage 
gradient 
considera- 
tions 


(4) Stability 


(5) Relaying 


(6) Arcing 
Grounds 


(7) Localizing 
Faults 


(8) Double 
Faults 


(9) Lightning 
Protection 


(10) Inductive 
Coordina- 
tion 


(11) Radio In- 
fluence 


Fully Insulated 


Usually Low 


Usually good, but not 
fully dependable be- 
cause of possibility of 
simultaneous fault on 
another phase 


Usually unimportant 


Difficult 


Likely 


Effect, of fault trans- 
mitted as excess volt- 
age on sound phases 
to all parts of conduc- 
tively connected net- 
work 


Likely 


Ungrounded neutral 
service arresters must 
be applied at sacrifice 
in cost and efficiency 


Will usually be low ex- 
cept in cases of double 
faults or electrostatic 
induction with neutral 
displaced but duration 
may be great 


May be quite high dur- 
ing faults or when 
neutral is displaced 


Lowest 


Maximum value 
rarely higher than 
three-phase short 
circuit current 


Gives greatest gradi- 
ents, but not usual- 
ly a problem where 
continuous ground 
wires are used. 


Lower than with 
other methods but 
can be made satis- 
factory by use of 
high speed relays 
and circuit breakers 


Satisfactory 


Unlikely 


Effect, of faults local- 
ized to system or 
part of system 
where they occur 


Unlikely 


Highest efficiency and 


lowest cost 


Will be greatest in 
magnitude due to 
higher fault cur- 
rents but can be 
quickly cleared par- 
ticularly with high 
speed breakers 


Minimum 


Partially Graded 


Cannot satisfactorily 
be reduced below 
one-half or one- 
third of values for 
solid grounding 


Slightly better than 
effective grounding. 


Improved over solid 
grounding particu- 
larly if used at re- 
ceiving end of sys- 
tem 


Satisfactory 


Possible if reactance 
is excessive 


Effect of faults local- 
ized to system or 
part of system 
where they occur 
unless reactance is 
quite high 


Unlikely unless re- 
actance is quite 
high and insulation 
weak 

If reactance is very 
high arresters for 
ungrounded neutral 
service must be ap- 
plied at sacrifice in 
cost and efficiency 


Will be reduced from 
solidly grounded 
values 


Greater than for 
solidly grounded, 
when faults occur 
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Partially Graded 


Low 


Better than effective 
or reactance 
grounded. 


Improved over ef- 
fective grounding 
particularly if used 
at sending end of 
system 


Satisfactory 


Unlikely 


Effect of faults trans- 
mitted as excess 
voltage on sound 
phases to all parts 
of conductively con- 
nected network 


Unlikely unless re- 
sistance is quite 
high and insulation 
weak 

Arresters for un- 
grounded, neutral 
service usually must 
be applied at sacri- 
fice in cost and 
efficiency 


Will be reduced from 
solidly grounded 
values 


Greater than for 
solidly grounded, 
when faults occur 


Partially Graded 


Negligible except when 


Petersen coil is short 
circuited for relay pur- 
poses when it may 
compare with solidly- 
grounded systems 


Least gradient normally, 


but may approach 
effective grounding 
values when necessary 
to shunt ground fault 
neutralizer to isolate 
faulty circuit by re- 
laying. 


Ts eliminated from con- 
sideration during sin- 
gle line-to-ground 
faults unless neu- 
tralizer is short cir- 
cuited to isolate fault 
by relays 


Requires special provi- 
sions but can be made 
satisfactory 


Unlikely 


Effect of faults trans- 
mitted as excess volt- 
age on sound phases 
to all parts of conduc- 
tively connected net- 
work 


Seem to be more likely 
but conclusive infor- 
mation not available 


Ungrounded neutral 
service arresters must 
be applied at sacrifice 
in cost and efficiency 


Will be low in magni- 
tude except in cases of 
double faults or series 
resonance at harmonic 
frequencies, but dura- 
tion may be great 


May be high during 
faults 
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B 
Effectively Grounded 


Cc 


Reactance Grounded 


(12) Line Avail- 
ability 


(13) Adapta- 
bility to 
Intercon- 
nection 


(14) Circuit 


Will inherently clear 
themselves if total 
length of intercon- 
nected line is low and 
require isolation from 
system in increasing 
percentages as length 
becomes greater 


Cannot be intercon- 
nected unless inter- 
connecting system is 
ungrounded or isolat- 
ing transformers are 
used 


Interrupting capacity 


Must be isolated for 
each fault 


Satisfactory indefi- 
nitely with react- 
ance-grounded sys- 
tems 


Same interrupting 


Must be isolated for 
each fault 


Satisfactory indefi- 
nitely with solidly- 
grounded systems 


Interrupting capacity 


D 
Resistance Grounded 
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E 
Resonant Grounded 


Must be isolated for 
each fault 


Satisfactory with 
solidly- or reactance- 
grounded systems 
with proper atten- 
tion to relaying 


Interrupting capacity 


Need not be isolated 
but will inherently 
clear itself in about 
60 to 80 percent of 
faults 


Cannot be intercon- 


nected unless inter- 
connected system ig 
resonant grounded or 
isolating transformers 
are used. Requires 
coordination between 
interconnected sys- 
tems in neutralizer 
settings 


Interrupting capacity 


Breakers determined by three- capacity as required | determined by three-| determined by three-| determined by three- 
phase fault conditions | for three-phase short] phase fault condi- phase fault condi- phase fault conditions 
circuit will prac- tions tions 
tically always be 
satisfactory 
(15) Operating | Ordinarily simple but | Simple Simple Simple Taps on neutralizers 
Procedure possibility of double must be changed when 
faults introduces com- major system switch- 
plication in times of ing is performed and 
trouble difficulty may arise in 
interconnected sys- 
tems. Difficult to tell 
where faults are 
located 
(16) Total Cost |High, unless conditions | Lowest Intermediate Intermediate Highest unless the arc 


are such that arc tends 
to extinguish itself, 
when duplicate cir- 
cuits may be elimi- 
nated, reducing total 
cost 


probability, but completely satisfactory results probably 
cannot be secured above 100 miles of 11-kv circuits or 25 
miles of 69-kv circuits. On total circuit lengths of this 
order or lower the ungrounded-neutral systems will prob- 
ably have fewer tripouts than any form of grounded sys- 
tem, and, where feeds are essentially single-circuit radial, 
better service to customers can be rendered. 

Lightning arresters must be applied on the basis of full 
line-to-line voltage, which increases the expense of protec- 
tion and somewhat reduces their effectiveness. Selective 
relaying on ground faults is practically impossible for these 
short line lengths so that the detection and isolation of 
faulty lines is likely to be quite long. In some instances, 
for example with a line down, this circumstance may 
present a hazard to life. If the circuits are long enough to 


suppressing character- 
istic is relied on to 
eliminate duplicate 
circuits when it may 
be lowest for the par- 
ticular type of service 


give sufficient fault current for relaying, then the self- 
clearing advantage is lost and the system might as well be 
grounded in some manner. 

The ungrounded-neutral system is not likely to cause 
high voltages to be induced in neighboring communication 
circuits because the ground-fault currents are ordinarily 
low. However, on early designs or lines in a poor state of 
maintenance, this is not necessarily so, as the full displace 
ment of neutral accompanying a ground fault on one phasé 
is conducive’ to producing a fault on one of the other 
phases, thus producing a double fault with earth currents 
comparable with systems of solidly grounded neutral. 
Furthermore, the influence on communication systems 8 -_ 
not alone a matter of current magnitude; it also involves be 
duration and wave form of the earth current. Because &.’*: 
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the absence of or ineffectiveness of ground relaying on un- 
grounded systems, such faults will persist for some time. 
Also, the arcing condition with the capacitance current is 
productive of badly distorted wave forms, throwing a good 
part of the energy into the higher frequencies where the 
influence is greater. In several instances it has actually 
been found truc in practice that inductive influence has 
been decreased following adoption of some form of ground- 
ing. As a general statement therefore, ungrounded opera- 
tion cannot be considered superior to grounded operation 
from the inductive influence point of view. 

While it is likely that the destructive effects of “arcing 
grounds” has been exaggerated in the past, all of the ac- 
cumulated opinion in this regard cannot be discarded. 
More recent studies (See Chap. 14) also bear out the 
higher “switching surges’’ existent on ungrounded-neutral 
systems. It therefore seems necessary to assume that an 
ungrounded-neutral system will result in more equipment 
damages and ‘‘unaccounted for’ interruptions than some 
form of grounded system. Transformers must be designed 
on the basis of full neutral displacement and in the higher 
voltage classes this will result in a somewhat higher cost. 


7. Resistance-Grounded Systems 


Grounding through resistance immediately disposes of 
two defects of the ungrounded system: it permits ready 
relaying of ground faults and it minimizes the hazard of 
arcing grounds. 

In general the grounding resistances used have limited 
the ground-fault current to a magnitude much less than 
the three-phase short-circuit current. This is almost im- 
perative in order to limit the power loss in the grounding 
resistor to a reasonable figure as discussed in See. 2. How- 
ever, the result is that the system neutral will almost, in- 
variably be fully displaced in case of a ground fault, there- 
by necessitating the use of full-rated lightning arresters at 
an increase in cost and sacrifice in protective performance. 
The latter is not particularly a handicap with modern ar- 
resters and modern transformers, but it may be important 
with older transformers having materially lower impulse 
strength. 

In certain instances, the use of grounding resistances 
may improve the stability of a power system during ground 
faults by replacing the power dropped, as a result of low 
voltage, with an approximately equal power loss in the 
resistor, thus reducing the advance in phase of the gen- 
erators. This scheme was used on the 15-Mile Falls de- 
velopment of the New England Power Company. 

In general, a resistance-grounded system will have ma- 
terially lower ground-fault current than a solidly grounded 
System and hence will have less inductive influence on 
paralleling communication circuits. In some instances this 
may be of considerable practical importance. 

On systems of lower voltage, say up to and including 46 
kv, ground relaying may play an important part in the 
Selection of a grounding procedure. Consider, for example, 
the 22-kv system of Fig. 11 where the three-phase short- 
circuit current at station A is 12 500 amperes and the line- 
to-ground fault current with zero-fault resistance is 9700 
amperes. The zero-sequence voltage at station A, if cal- 
culated will be found to be about 48% of normal phase to 
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22KV. 


or 
“ 
OF 


Fig. 11—Low- or medium-voltage looped transmission system 
with single grounding point presents difficulties in relaying 
ground fauits unless a neutral grounding resistor is employed. 


neutral voltage. If a ground fault having a resistance of 
10 ohms occurs, the fault current will be reduced to 1320 
amperes, and the zero-sequence voltage to about 6.5 per- 
cent of the normal phase-to-neutral value. This voltage is 
insufficient for dependable directional ground relaying if 
fault resistances of 10 ohms and upward are encountered, 
as they ordinarily will be unless the lines are on steel 
towers, and connecting ground wires are used. In cases 
like this, impedance, preferably resistance, in the neutral 
is necessary for satisfactory relaying. Ona smaller system, 
where the maximum short-circuit current is much less than 
the example given, there may always be sufficient residual 
voltage without the necessity of a neutral-impedance de- 
vice. Furthermore, on simple radial systems where zero- 
sequence voltage is not required for polarizing of direc- 
tional relays, this factor need not be considered. 

A typical stainless steel grounding resistor is shown in 
Fig. 12. 


Fig. 12—30-ohm stainless steel grounding resistor. 
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8. Effectively Grounded Systems 

In all voltage classes, effectively grounded systems are 
less expensive than any other type of grounding. This is 
because “arresters for solidly grounded neutral service” 
can be applied, and because no auxiliary grounding devices 
in the form of resistors, reactors, neutralizers, etc., are 
ordinarily required. This statement implies either a new 
system, or an addition toa system. It may also apply to an 
existing system if sufficient star-connected apparatusisavail- 
able. On a system where only delta-connected transformers 
are available, any form of grounding of the existing system 
will involve extra expense. On systems 115 kv and above, 
additional savings are available because transformers for 
solidly grounded neutral service can be purchased, with 
the insulation graded toward the neutral end, at less cost. 

On an effectively grounded system all faults including 
grounds must be cleared by opening the line. (This is also 
true of resistance- and reactance-grounded systems, and 
partly on ungrounded- and neutralized-grounded systems. ) 
Close to the grounding points, the ground-fault currents 
are high, in some cases exceeding the three-phase short- 
circuit currents. In a few instances higher interrupting 
capacity breakers may be required over that necessary for 
three-phase short-circuit interruption. The higher cur- 
rents also produce more conductor burning. The greater 
currents result in lower positive-sequence voltages with a 
tendency toward a lower stability limit for line-to-ground 
faults. The higher earth currents may in some cases inter- 
fere with communication circuits. 

Most unfavorable influences from the above high-cur- 
rent phenomena have largely been removed, so far as sys- 
tem extensions are concerned, by the availability of the 
newer high-speed relays and circuit breakers. These com- 
ments apply particularly to such items as stability, con- 
ductor burning and communication circuit influence. The 
interrupting requirements of circuit breakers can be 
brought to equality with that for the three-phase fault con- 
dition by the addition of a moderate-sized grounding reac- 
tor where necessary. When the reduction in current is no 
more than this, the system will still retain the classification 
of “effectively grounded,” although the transformers 
grounded through reactance will require greater neutral 
insulation, but will not necessarily be fully insulated. 

On grounded neutral systems, it is usual for the trans- 
formers in generating stations to be connected delta on the 
generator side and grounded star on the high voltage side. 
Practice varies with regard to step-down transformers, 
some being connected star and others delta on the high 
voltage side. The latter is perhaps the more usual, par- 
ticularly if the secondary transmission or distribution cir- 
cuits are also grounded neutral. Systems laid out in this 
manner are in some instances subject to abnormally high 
voltages in the event of single conductor breaks in the line. 
The same comment may be made with regard to fusing 
and single pole switching. The circumstances required to 
produce these abnormal voltages rarely occur, but the 
phenomena warrants consideration. See reference 10. 


9. Reactance-Grounded Systems 


Reactance-grounding falls somewhere between effective 
grounding and resonant grounding. In the lack of an ac- 
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cepted standard, the criterion will here be taken in termg 

. Xo 
of the ratio, Xx, 
of full-rated arresters, so the range between this point and 
the reactance for ground-fault neutralizers should logically 
be considered as reactance grounded. 

At points on the system where Xo/X1=3 or less, the 
ground-fault currents will be of the same order as those on 
effectively grounded systems, and the same comments ag 
for effective grounding will apply except that the trans. 
former insulation may need to be graded at the neutral 
end, if a neutral reactor is used. 

For neutral reactances, the ground-fault currents de- 
crease and the neutral displacements increase. The tran- 
sient overvoltages resulting from arcing increase as the 
reactance is increased, up to a reactance of about 14 that 
required for ground-fault neutralizing, beyond which point 
they again decrease, reaching another minimum at the 
tuned reactance. Further increases in reactance again re- 
sult in higher voltages. During switching operations the 
indications are that the higher the reactance, the higher 
the surge voltage to be expected. See Fig. 36 in Chap. 14, 

The general indication is that there is no merit in pur- 
posely increasing the grounding reactance of a system 
beyond that required to keep currents within nondestruc- 
tive range, except of course, for the special case of ground- 
fault neutralizers. Systems grounded through high-react- 
ance are uncommon except where delta-connected un- 
grounded systems have been grounded by means of ground- 


A ratio of more than three requires the uge 


ag 
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ing transformers. Here, the element of expense has fre- 
quently caused small grounding transformers to be used, 
the principal object usually being to secure enough ground 
current for relaying. _ 

Grounding transformers are usually wound “zig-zag”’ 
for economy. For temporary jobs, or where idle trans- 
formers are available, conventional star-delta transformers 
are sometimes used. When this is done, care must be ex- 
ercised that the transformers are not burned out by exces- 
sive fault duration, as the current through the transformers 
during ground faults will usually be nearly the full short- 
circuit value. A typical grounding transformer is shown 
in Fig. 13. 


10. Resonant-Grounded Systems 


When a system is equipped with ground-fault neutral- 
izers, the neutral is displaced over all parts conductively 
tied together when a ground fault occurs. This means that 
two phases are at full line-to-line voltage above ground. 
Full-rated lightning arresters are therefore required. All 
line switching must be coordinated centrally in order to 
determine the proper neutralizer taps. Interconnected 
systems must be included in this coordination, or else iso- 
lated by two-winding transformer banks. An alternative 
zero-sequence isolating device is shown in Fig. 14. The 
principle of operation is that for three-phase currents 
whose sum total is zero, the device presents only the leak- 
age reactance of the windings whereas for zero-sequence 
currents flowing in the same direction in each winding, 
only the high magnetizing impedance is effective. 

In general, the use of ground-fault neutralizers will de- 
crease the number of line interruptions from ground faults 
to 20 or 30 percent of those obtainable with some form of 


bv’ 


c 


Fig. 14—Zero-sequence isolator. The positive- and negative- 
Sequence reactance between a, b, c anda’, b’, and c’ are low, 
but the zero-sequence reactance is high. 


grounded operation. Complete effectiveness cannot be at- 
tained, because some faults will be caused by physical line 
damage and a proportion will fail to clear as a result of 
other causes, such as improper tuning. Interruptions 
caused by initial involvement of more than one phase are 
Practically unchanged but the tendency of a single-phase 
round fault developing into a two- or three-phase fault 
will be decreased. Ground relays must be retained to clear 
those ground faults not extinguished by neutralizer action. 
They are brought into play after a predetermined duration 
of ground-fault current by short-circuiting the neutral- 
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reactance device. .\ typical connection diagram is shown 
in Fig. 15. 

The value of ground fault neutralizers to a system de- 
pends upon its type and construction. If the system is 
predominantly of multi-circuit or loop-feed construction, 
the principal advantages are those resulting from small 


TO NEUTRAL OF GROUNDING TRANSFORMER 


DISCONNECTING 
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AUXILIARY SWITCH a=CLOSED WHEN BREAKER IS CLOSED. 
” a b=OPEN WHEN BREAKER IS CLOSED, 


= CONTACTS OPEN WHEN IN DE-ENERGIZED POSITION. 
7é CONTACTS CLOSED WHEN IN OE-ENERGIZED POSITION. 


Fig. 15—Method of short-circuiting ground fault neutralizer 
after predetermined duration of ground-fault current. 


ground currents—less likelihood of communication-circuit 
interference, conductor burning and light flicker. In in- 
dividual cases these favorable influences may be of value. 
If the lines are predominantly of wood-pole construction 
with high insulation to ground, a greater proportion of the 
faults will be line-to-line and the neutralizer will therefore 
not be so effective. 

On systems having a large proportion of single-circuit 
radial lines the value of neutralizers may be considerable. 
In addition to the items mentioned above is the fact that 
a large proportion of ground faults will be cleared without 
line interruption. With radial feeds this is important, as 
it may avoid construction of paralleling lines for service 
continuity alone, and thus be productive of considerable 
capital savings. 

Ground-fault neutralizers cannot be used on systems 
where fully graded insulation transformers are in service, 
as these neutrals are not sufficiently well insulated. If line 
sectionalizing switches are used, they should be gang op- 
erated. Fuses should not be used in series with any ap- 
preciable length of line. Ground-fault neutralizers should 
not be used on systems employing auto-transformers hav- 
ing a greater ratio than 0.95 to 1.00. 

Ten-minute time-rated ground-fault neutralizers are 
used on systems on which permanent ground faults can 
be located and removed promptly either by ground relays 
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or other suitable means. Continuous time-rated ground- 
fault neutralizers are used on all other systems. 

No general rule on the number of neutralizers to use in 
a given application can be stated. A neutralizer in each 
section of the system that may become sectionalized during 
disturbances will give the utmost in protection and sim- 
plicity of operation. The increased flexibility of operation 
must be weighed against the increased cost for the larger 
number of neutralizers in making the final decision on 
what is to be undertaken. 

Occasionally a situation arises wherein it is desired to 
use a ground-fault neutralizer in conjunction with a three- 
winding star-delta-star transformer bank. If the neutral- 
izer is connected between one neutral point and ground, 
and the other neutral point is solidly grounded, serious 
overvoltages on the neutralizer grounded system may en- 
sue, when a ground fault occurs on the solidly-grounded 
side of the transformer bank. 

Figure 16 illustrates in (a) the system connection, and 
in (b) the equivalent zero-sequence impedance diagram. 


KA 
a4 
13.8 KV io KV _ 5 : = KV 


13.8 KV 
(a) 


GROUND FAULT 
NEUTRALIZER 


GROUND FAULT 
NEUTRALIZER 


ZERO 
SEQUENCE 
CAPACITANCE 
OF 33 KV 
SYSTEM 


ZERO SEQUENCE 
VOLTAGE PRODUCED 
BY GROUND FAULT 
ON 138 KV SYSTEMS 


(b) 


Fig. 16—(a) Hypothetical system using ground fault neutral- 
izer with three-winding transformer. 
(b) Zerosequence impedance diagram applying to (a). 


In the latter, it will be noted that branch n of the trans- 
former equivalent circuit is common to both star connected 
circuits. A ground fault on the grounded neutral side 
therefore causes a zero-sequence voltage to be applied to 
the neutralized system. The neutralizer inductive react- 
ance and system zero sequence capacitance are in series 
relationship to this voltage. Series resonance therefore oc- 
curs, and due to the high X/R ratio of neutralizers, the 
applied voltage may be amplified ten or more times. 
When it is known that such usage is contemplated at the 
time of purchase of the transformer bank, it may be possi- 
ble to design it so that branch 7 has zero impedance. Gen- 
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erally, this is quite expensive. An alternative proced WY 
is to induce an equal and opposite voltage in the neutralized 
system by means of reactors fed from current transformers 4 
in the delta windings. This entails much engineerin? 
study and adjustments when placing in operation. Gene 5 
erally, the best procedure is to avoid the condition by not : 
grounding the other neutral point, and seeking other loegs 

tions for grounding the system. 


11. General Summary on Transmission System | 
Grounding vl 
The preceding discussion brings out that the various § 
methods of grounding have their peculiar advantages and | 
disadvantages so that individual circumstances can be exe 4 
pected to decide the issue. Nevertheless, a few combing! 
tions of conditions cover the great majority of systems, 25 
and some generalization is possible for these combinationg!™ 
In the vicinity of our larger cities and in industrialized # 
areas, continuity of service is regarded as of such impor ea 
tance that multiple circuit lines and two direction feeds 
are the rule. On such systems a momentary line tripout » 
does not interrupt service, because additional circuits are = 
available for the worse eventuality of physical damage t6 
a line. These lines are usually relayed to clear a fault in 
from 0.15 to 0.5 seconds. They are usually tied in con= 7 
ductively with lines of the same voltage operated by con=@ 
tiguous companies. There is a large amount of equipment. 
tied to these lines, and lightning protection and confing 4. 
ment of trouble to a small area is desirable. For systems ~ 
of this character, effective grounding appears to be the y= | 
best practice. At some locations, ground fault current. 
limitation may be necessary from the standpoint of cireult ae 
breaker interrupting duty or inductive effects, but this can | 
probably be accomplished without exceeding a zero 80= 9) 
quence ratio of three, thus permitting application of “light. > 
ning arresters for grounded neutral service.” 

In less densely populated regions, the relation between 
loads and transmission distances is frequently such that 
only single-circuit lines are justified. Systems of this typ@, 
are good fields for the application of ground-fault neutrals” 
izers. The number of interruptions can be greatly reduced 
at moderate cost by such means. While full-rated lights 
ning arresters and transformers are required, the spacing: 
of substations will usually be large enough that this dood, 
not unduly increase the cost. Where only a few lines | 
single-circuit radial, improvement of these lines by “lights 
ning proofing” or the application of lightning protec 
tubes may be the most economical solution. 

In some instances of long-distance power trans 
the overall cost can be decreased by using one transmiss ae 
circuit at a high voltage rather than two or more CITE 
at a lower voltage. Where other power sources are ave 
able when the line is out for maintenance or repail, the Us 
of the single-circuit line with ground-fault neutralay 
becomes a feasible way of limiting the total investmey 
This method should be compared in cost and other f 
with the use of high-speed reclosing breakers. 

The question of the number of grounding 
quently asked. On systems in the effective 
class, there is no reason why all available neutrals © ; 
not be grounded, so long as the ground-fault curren 
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not require the application of breakers having larger inter- 
rupting capacity. On resistance- or reactance-grounded 
systems, or With ground-fault neutralizers, each additional 
grounding point increases the total cost. In these cases, 
the number of grounding points will largely be dictated 
py the ability to secure satisfactory ground relaying. On 
other than radial systems, at least two and preferably 
more grounding points are desirable to get most satisfac- 
tory directional ground relaying. 

Grounding practice should be considered in the light of 
improvement in other branches of central-station work. 
Relays and breakers have been improved so that they will 
cleat both phase and ground faults with a reliability and 
speed greatly exceeding those obtainable a few years ago. 
Complaints from flicker, and unnecessary operation of 
low-voltage releases are correspondingly fewer. Automatic 
high-speed reclosing is available for transmission service 
and affords a means of avoiding outages from momentary 
causes from both phase and ground faults. Lightning 
proofing of transmission lines is markedly effective in re- 
ducing the total number of flashovers. In most instances 
these factors will indicate a preference for the effectively 
grounded system. A chart showing a comparison between 
the various ground procedures is given in Table 2. 


12. Trends and Practices in Transmission System 
Grounding 


Figures 17 and 18 are plotted from data obtained from 
the Third ATEE Report on System Grounding.” The data 
uscd in that report was collected by questionnaires, and 
according to the definitions used, “solid”? means that no 
extra impedance is inserted between apparatus neutral 
points and ground. ‘‘Reactance”’ grounded means that in 
some instance, neutral reactors are used on an otherwise 
solidly-grounded system; in other instances, it means the 


22 TO 70 KV SYSTEMS 
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* 
GROUND-FAULT NEUTRALIZER 


Fig, 17—Relative United States use of grounding methods on 
Nsmission and distribution systems in the voltage range of 
: 22 to 70 kv. 
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Fig. 18—Relative United States use of grounding methods on 
transmission systems from 71 kv up. 


use of grounding transformers. In the majority of cases, 
“solid” grounding means that the systems are effectively 
grounded (Xo/X; is three or less). Likewise, many of the 
“reactance” grounded systems are effectively grounded. 
For purpose of classification, a system is still considered 
“ungrounded”, if the only ground is through potential 
transformers. 

Figure 17 shows the relative use of grounding methods 
on transmission and distribution systems in the voltage 
range of 22 to 70 kv. There has been a steady decrease in 
the ungrounded category, and an approximately like in- 
crease in solid grounding. Ground-fault neutralizers are 
being used to an increasing extent, although still a small 
portion of the total. Their use in the United States is still 
largely confined to single-circuit lines serving large areas. 

Figure 18 is for systems 71 kv and up. These curves 
show the dominant use of effective or solid grounding 
in the United States. The majority of “reactance ground- 
ed” systems are effectively grounded. 


Ill. FUNDAMENTAL PRINCIPLES OF 
GENERATOR GROUNDING 


There are even more ramifications of generator ground- 
ing than for transmission-system grounding. The many 
possible combinations of connections between generators 
and outgoing lines is responsible for this. The more com- 
mon connections in use in generating stations are shown 
in Figs. 19 to 23. 

The so-called unit system, Fig. 19 is one in which each 
generator is directly connected to its individual trans- 
former bank, the low-voltage side being delta, and the 
high-voltage side, star. So far as ground currents are 
concerned the machines are isolated from one another 
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and the high-voltage system. A variation of this arrange- 
ment is sometimes used where two generators supply a 
common transformer bank. An arrangement using both 
high- and low-voltage buses is given in Fig. 20. The in- 
dividual machines are therefore tied, insofar as the flow 
of ground current is concerned. Fig. 21 is for power 


Dh 


Fig. 19—Unit system—power transmitted at high voltage. 


Fig. 20—High- and low-voltage bus system—power trans- 
mitted at high voltage. 


Fig. 21—-Power transmitted at generator voltage—three-wire 
system. 


distribution over a three-wire system at generator volt- 
age. Fig. 22 is the same as Fig. 21 except the distribution 
system is four-wire. A system where the generator voltage 
is doubled or increased by /3 by auto-transformers for 
distribution is shown in Fig. 28. 

In general the unit scheme of Fig. 19 gives the greatest 
freedom in the selection of a grounding procedure, while 
the other schemes place various restrictions on the choice. 
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(b) (c) (d) 


Fig. 22—Power transmitted at generator voltage—four-wire 
system, 


24 KV 


12 KV 


GENERATORS SYNCHRONIZING BUS 


(a) 
(b) (c) 


> 
oe 


(d) (a) 
Fig. 23—Power transmitted at doubJe generator voltage by 
auto-transformers. 
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13. Ground Currents 


The ground-fault current for one phase of a three-phase 
system is given by the expression 
3k, 


Tp=(Io+-1,+],.) = ———.. 
r= (o+hi+l2) Z4Z,1 2, 


Tf a generator is operating as an isolated machine, the 
current so calculated will be the current through the 
faulted phase. If Z) is less than Z, or Z2 as is commonly 
the case, the ground-fault current will be greater than 


the three-phase fault current a If several machines 


1 
are operated in parallel, and only one machine grounded, 
this effect is accentuated in the grounded machine. 
For example, consider four generators operating in 
parallel as shown in Fig. 24 (a). The reactances shown 
are in percent based on the individual machine ratings. 


Fig. 24—Single line-to-ground fault on four generators op- 
erating in parallel with only one machine grounded. 


The phase-sequence-reactance diagram is shown by Fig. 
24 (b) from which Zy= 2.23 Z,=2.2 and Zy= 2.2. 
The sequence components for a line-to-ground fault 
are 
100 2 
2.2+2.2+42.2 


times full-load current of one generator. The total fault 
current = Io +J,+/.=45.6 times full load of one generator. 


The components of fault current through the grounded 
generator are: 


I,y=Io =15.2 times full load. 
Iy=4h= 3.8 times full load. 
I4.=4l,= 3.8 times full load. 


The fault current through the faulted phase of the 
grounded generator =J,yo+Jai+Js2=22.8 times full load. 


h=h=h= 15.2 
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The three-phase fault current of an individual generator 
E, 1 3 . 

is er ggtil4 times full load. Consequently, in the 
“AY : 


case illustrated, grounding only one generator will cause 
22. i : 
that generator to carry = or twice the current it would 


have on a three-phase fault. Since mechanical stresses 
are proportional to the square of the current, they would 
be equal to four times the three-phase short-circuit 
stresses. ‘pan 16 

The effect of different numbers of machines operating 
in parallel, with all neutrals grounded, and with only one 
machine grounded is illustrated in Fig. 25. These curves 
were computed on the basis of Y¥,=X,=8.8 percent and 
Xo=2.2 percent, and for the machines paralleled directly 
at their terminals. It will be observed that the line-to- 
ground fault current is always greater than the three- 
phase fault current, and that the situation becomes par- 


TIMES NORMAL CURRENT 


NUMBER OF MACHINES 


Fig. 25—Total fault and machine currents for single line-to- 
ground and three-phase faults. 


A—Current in any machine—three-phase fault. 

B—Current in one machine—single line-to-ground fault with all 
machines grounded. 

C—Total current—three-phase fault. 

D—Total current—single line-to-ground fault with all machines 
grounded. 

E—Current in grounded machine—single line-to-ground fault with 
only one machine grounded. 

F—Total current—single line-to-ground fault with only one ma- 
chine grounded. 
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ticularly serious as the number of paralleled machines 
increases. In an installation of this kind, some form of 
neutral impedance device is a necessity. 

In order to determine the size of neutral reactor to 
limit the generator winding current for a single line-to- 
ground fault to the generator winding current on a three- 
phase fault the constants of the generator and the con- 
stants of the system must be known. The system con- 
stants must include all circuits and sources of supply to 
the fault except the machine under consideration. Five 
groups of formulas are listed below for single line-to- 
ground faults depending upon the reactance values. Group 
1 is perfectly general and the other groups are simplified. 


e =percent gencrated voltage 
Xp=percent reactance of neutral reactor on generator 


kva base 
Ig =percent reactor current based on normal generator 
current 
Generator System 
Pos. seq. reactance on gen. kva X1 Si 
Neg. seq. reactance on gen. kva Xo So 
Zero seq. reactance on gen. kva Xo So 


Group 1. All reactance values finite and different. Xz= 
So(XiXe+ 2X So = X Se) + No(X Se = XoSo — Xo = SoS2) 
3 (XaSo + Xoo = X 152 + SoSe) 


I 300eSo 
R= 
XS, XoSe , So(Xo+3X xz) ) 
NotsSot+3X 
Seteener enero Xb Sot 3Xq 


Group 2. So=infinite; others finite and different. Xr= 


Xi—Xo , So(Xi— Xe), a 300¢ 
3 3(X2+S2) ’ XS, XoSe 
ie Tis Ge 
Group 3. X;= X»; others finite and different. Xx= 
Xi-Xo. , _  300eSo 1 
5 i S| Sy Sy Se 
Xi4+8, XitS2° Xi+S8o 
Group 4. X:=X2; S)=infinite; others finite and different, 
a poe . 
Bie Ne ee ee 
XitSi Xi+82 
Group 5. X;=X2; 8,=S2; Xo= finite; So= infinite, 
Xpast. (S| 
37 X, \Xi4+3S; 


14. Neutral Displacement 


When a ground fault occurs, there is a tendency for a 
neutral shift with consequent change in voltage on the 
unfaulted phases. The phenomenon is the same as dis- 
cussed in Part I; and Fig. 6, Chap. 14, can be used to de- 
termine the voltage to which apparatus on the unfaulted 
phases will be subjected. 


15. Circulating Harmonic Currents 


When two generators are operated in parallel at gener- 
ated voltage as in Fig. 26, there is the possibility of cir- 
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Fig. 26—Two generators operating in parallel at generated 
voltage. 


culating harmonic currents. This is true whether the 
neutrals are interconnected or not. The two conditions 
necessary for the flow of harmonic current are: the pres- 
ence of a resultant harmonic voltage, and a path for the 
flow of current. It is important to note the term “result- 
ant.” If the two machines are duplicates and are being 
operated under identical conditions, they will probably 
generate the same harmonics of about the same magni- 
tude and phase position. If the harmonics are thus equal 
and opposite, there will be no resultant voltage available 
to circulate harmonic current. If, however, the machines 
are dissimilar, one may generate harmonic voltages that 
the other does not. There will then be a circulating har- 
monic current between them whose magnitude is equal 
to the resultant harmonic voltage divided by the imped- 
ance at the harmonic frequency. For line-to-line har- 
monies the latter is approximately equal to the negative- 
sequence reactance in ohms at rated frequency times the 
order of the harmonic. For two machines as illustrated, 
the resultant reactance would be the sum of the harmonic 
reactances of the two machines, as they are in series for 
harmonic-current flow. If more than two machines are in 
parallel, but only one generating a high-harmonic volt- 
age, the harmonic reactance of the one machine is added 
in series with the paralleled reactance of the remaining 
generators. If all machines are generating considerable 
harmonic voltage, an analysis is almost impossible be- 
cause slight shifts in fundamental frequency phase posi- 
tion with load will greatly alter the resultant harmonic 
voltages. 

The situation with respect to neutral harmonics is 
much similar to that for line harmonics except that only 
triple series harmonics, 3rd, 9th, 15th, 21st, etc., can 
flow in the neutral. This is because the 120 degrees re- 
lationship of phases causes all other harmonics to be bal- 
anced and thus total to zero in the three phases. Also 
the zero sequence impedances apply rather than the 


negative sequence. Referring again to Fig. 26, it 1s ap- 


parent that neutral circulating harmonic currents cannot 
flow unless both neutral circuit breakers are closed. 
Then, if there is a resultant zero-sequence harmonic volt- 
age, a current will flow equal to the voltage divided by the 
zero-sequence reactance at the harmonic frequency. 

The harmonic currents circulating inj the neutral are 
likely to be somewhat higher in agmtads than the line- 
to-line harmonic currents. -This is because the third har- 
monic voltage is usually higher than any other and be- 
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cause the zero-sequence reactance is usually lower than 
the negative-sequence reactance. In the ease of two- 
thirds pitch machines, the triple series (neutral) harmonics 
will be practically zero, so that it will not create harmonic 
currents. On the other hand, the zero-sequence reactance 
of a two-thirds pitch machine is quite low so that it is a 
likely path for the flow of triple harmonics generated by 
other machines. 

Circulating harmonic currents between apparatus in a 
station are not particularly objectionable unless unusually 
large. A circulating neutral harmonie current of 30% 
would offhand appear to be of an order to be injurious 
to a machine. However, this means only 10 percent 
harmonic current per phase. The rms value in combina- 
tion with full-load current would be V100?+10?= 100.5 
percent. The heating effect will be somewhat greater 
than this, but probably not more than another 1 percent 
so that the loss of load-carrying capacity is inappreciable. 


16. Communication-Circuit Influence 


Where generator neutrals are grounded and distribu- 
tion is done at generated voltage, whatever residual har- 
monics are present in the generator wave form are im- 
pressed on the lines. Residual harmonics are more likely 
to cause inductive effects in nearby communication cir- 
cuits than line-to-line harmonics because the return cir- 
cuit is through the earth at a considerable depth. When 
the distribution circuits are in underground cables the 
likelthhood of inductive effects is small. On overhead lines, 
however, consideration should be given to this question. 


17. Surge Protection 


This question is covered in detail in Chap. 18. It is 
related to grounding methods in that “grounded neutral 
service” arresters can be applied if the system is effectively 
grounded, whereas arresters rated at maximum line-to- 
line voltage are necessary if the system is not effectively 
grounded. 

Because of space limitations and costs, it is not prac- 
tical to insulate generators to the same impulse levels as 
oil-insulated apparatus of the same voltage class. There- 
fore, the protection margin is decreased for ungrounded, 
resistance-grounded and high-reactance-grounded genera- 
tors. This situation has been helped to a degree by the 
use of “rotating machine” arresters. The experience so far 
indicates that full-rated arresters afford sufficient protec- 
tion. Therefore, if other circumstances warrant the use of 
a non-effectively grounded system, the matter of surge 
protection need not prohibit such use. 


18. Inductive Coordination 


It is practically impossible to predetermine inductive 
coordination situations, because they arise from the inter- 
relation of three factors; inductive influence of the supply 
system, inductive susceptiveness of the communication 
circuits, and the coupling between the two types of cir- 
cuits. Therefore, remedial measures may involve reduc- 
tion in the supply circuit influence, or in the susceptiveness 
of the communication circuits, or in the coupling between 
the two; or in a combination of two or more of the above. 

When the remedial measures can best be applied to the 
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grounding of the generators, removing the ground from a 
particular generator may correct the situation, but may 
require additional equipment to establish a ground to 
permit proper relaying. Neutral filters are sometimes 
applicable, 

A detailed study of each situation is necessary to deter- 


- mine the best overall engineering solution. A further dis- 


cussion of this question is given in Chap. 23. 
19. Mechanical Stress in Generator Winding 


Paragraph 3.130 of ASA Standard C-50 Rotating Elec- 
trical Machinery, 1943 Edition, reads as follows: 

“A machine shall be capable of withstanding without injury 
the stresses of a 10-second, 3-phase short circuit at its terminals 
when operated at rated kva, power factor and 5-percent overvolt- 
age or any other 10-second short circuit provided the machine 
phase currents under the fault condition are limited by means of 
suitable reactance or resistance to a value which does not exceed 
the maximum phase current obtained from a 3-phase fault.” 


Reference to Sec. 12 shows that when Xp» is less than X,, 
which is usually the case, some form of impedance is re- 
quired in the generator neutral to permit grounded opera- 
tion. 


20. Transient Overvoltages 


This subject is treated in detail in Chap. 14. In any dis- 
cussion of this subject, it should be recognized that 
numerous field tests have been made in an attempt to set 
up and measure high transient voltages resulting from 
phase-to-ground arcing faults in air. Generally speaking, 
the overvoltages thus measured have been lower than those 
indicated by pure theory, or by transient-analyzer studies, 
and rarely exceeded three times the normal line-to-neutral 
crest. However, because of the random nature of arcs, 
it is difficult to capture the maximum overvoltages, unless 
numerous tests are made and high grade equipment such 
as a cathode-ray oscillograph is used. Studies on the 
transient analyzer are usually made by controlling the 
restriking of the arc to produce the maximum overvoltage. 
Therefore, the results of transient-analyzer studies are of 
more value in comparisons of methods of grounding, rather 
than in accurately predetermining magnitudes. 

Switching operations may cause relatively high transient 
overvoltages, if restriking occurs in the breaker. Accord- 
ingly, in evaluating any method of grounding from the 
viewpoint of transient voltages, it is well to consider 
whether there will be switching at generator voltage either 
initially or some time in the future. 

Transient overvoltages due to switching have caused 
electrical failure of equipment, circuit insulation, and 
lightning arresters. Generally, lightning arresters are not 
considered as being applied for protection against such 
transient overvoltages, but evidence is available that 
shows arresters have operated on transient overvoltages, 
thus protecting equipment. It is good practice to design 
the system and to ground it in such a manner, whenever 
possible, that transient voltages are below arrester break- 
down voltage. 

For generator grounding, it is commonly accepted that 
transient overvoltages will be within acceptable limits if 
the following conditions are met: 
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1. For application of generator neutral reactors, Xo/X; 

as determined at the machine terminals should be three or 
less. For purposes of this determination, Xo and X, are 
the resultant of the generator and system reactances, paral- 
leled. 

2. For application of generator-neutral resistances (or 
the equivalent through a grounding transformer), the cur- 
rent passed through the resistor during ground faults 
should equal or exceed the capacitive current that would 
flow during a line-to-ground fault with the resistor dis- 
connected. See Section 18 for a fuller discussion of this 
point. The upper limit of current passed through a gen- 
erator neutral resistor is fixed by the desire to avoid exces- 
sive power loss, and is customarily held to 114 times full 
load generator current, or less. The ratio of Xo/fo» should 
preferably not exceed 1.0, including the reactance of the 
resistor. Cast-iron grid resistors may have power factors 
of 0.98 and sometimes less, which means that their react- 
ance may be about 20 percent of their resistance, at system 
frequency. 


21. Generator Relaying 


It is necessary to consider the effect of the generator 
grounding device on the operation of protective relays. 
Most large generators are provided with differential re- 
lays. These are fully effective against phase-to-phase 
faults within the machine. When the generator is effec- 
tively grounded, the differential relays also give fairly ef- 
fective protection against faults to ground. 

When the generator neutral is grounded through high 
impedance, the differential relays lose a considerable 
amount of their effectiveness against ground faults. This 
is particularly the case for ground faults near the neutral 
of the machine. It will usually be necessary to provide a 
supplementary relay actuated by neutral or zero-sequence 
current when the machine is grounded through high im- 
pedance. 


22. Relaying of Feeders at Generator Voltage 


When power is distributed at generator voltage, it is 
necessary that the grounding method be selected giving 
consideration to that fact. The generator grounding de- 
vice determines to a large extent the magnitude of the 
feeder line-to-ground fault current and thus the type and 
effectiveness of the feeder ground relays. There has been 
some European use of grounding schemes that limit the 
ground fault current to around 50 amperes. With feeders 
having full-load currents of 600 amperes or more, fairly 
sensitive ground relays are required. Such relays are avail- 
able, but require more than usual care in selection of cur- 
rent transformers, determination of settings, and main- 
tenance. While their use is, or probably can be made 
practical, the more usual practice in the United States is 
to select a grounding scheme that causes the ground fault 
current to equal or exceed full-load current on the feeders. 

With reactor or conventional reactor grounding, ade- 
quate current for relaying is readily obtained. Ungrounded 
operation, or the use of the transformer-resistor combina~ 
tion are not suited for systems having feeders at gen- 
erator voltage, as there is not sufficient current to permit 
ready selection of the faulted circuit. 
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23. Damage at Point of Fault 

When a fault occurs within a generator, the affected 
coils must be replaced. While this is a large job, it is not 
nearly as serious as the problem of replacing damaged 
stator iron and restacking the laminations, should that be 
found necessary. Fortunately, such cases have been rare, 
but they are nevertheless important. Laboratory studies 
and field investigations of generator coil failures have been 
made with the view of determining the relation between 
fault current, fault duration, and iron burning. So far, 
these investigations have been non-conclusive, although 
service experience indicates that if the fault is cleared with 
standard differential relays and circuit breakers, the dam- 
age will be limited to minor burning of the iron, which can 
be cleaned up without restacking. There is every indica- 
tion that low fault currents plus fast clearing, however, 
minimizes fault damage. 

At present, the industry attitude seems to be tolerant of 
moderate to high ground fault currents, where other condi- 
tions require it, but to work toward low ground-fault cur- 
rents, where conditions permit—this occurring mainly 
with the “unit system” of connection. The more con- 
servative attitude in the latter cases is to trip immediately, 
even though the fault current be but a few amperes. 


24. Generator Neutral Breakers 


When a fault occurs within a generator, it is customary 
to trip the generator armature and field circuit breakers 
and shut off the input to the prime mover. These opera- 
tions do not necessarily stop the current through the fault, 
because a certain time is required for the generator field 
flux to decay. If a generator neutral breaker is employed, 
and it also is tripped on the incidence of a ground fault, 
the fault current immediately drops to a very low value 
as determined by capacitance effects. 

In general, the smaller the ground-fault current (limited 
by a neutral device), the less justification there is for an 
automatic neutral circuit breaker. 

In some cases non-automatic neutral breakers or dis- 
connect switches are used. These are not operated during 
faults, but are used to disconnect the neutral for safety or 
operational reasons. Where several generators are con- 
nected to a common neutral bus, which in turn connects 
to a single neutral grounding device, these breakers or dis- 
connect switches can be used to ground the desired gen- 
erators to the neutral bus. 


25. Time Rating of Neutral Devices 


The following is Section 32-2.05 of AIEE Standard No. 
32 for Neutral Grounding Devices, dated May, 1947: 


“Rated Time—Standard rated time shall be 10 seconds, 1 min- 
ute, 10 minutés and extended time. 

“Tt shall be assumed, unless otherwise specified, that a one 
minute rating is intended for neutral grounding devices except for 
ground-fault neutralizers and grounding transformers for use 
with ground-fault neutralizers, for which a ten-minute rating is 
assumed.” 


When grounding reactors are used on a unit system, 
a 10-second rating is usually employed as this is consistent 
with the thermal ability of the generator, and the opera- 
tion is non-repetitive. 
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When grounding resistors, reactors, or grounding trans- 
formers are used with systems having feeders at generator 
voltage, 4 one-minute rating is usually employed, thus al- 
lowing for repetitive feeder faults and also for the fact that 
the neutral device must carry current whenever a ground 
fault. occurs on any of the three phases. 

When the distribution-transformer-resistor scheme is 
used, it has generally been the practice to apply extended 
time ratings to the resistor. This is done primarily be- 
cause of the small cost of the resistor, and partly because 
of the possibility that time-delay tripping might be con- 
templated in the future. 


IV. PRACTICAL CONSIDERATIONS IN 
GENERATOR GROUNDING 


The broad objective in grounding a generator system is 
to gain additional protection to the generators and other 
equipment without introducing disproportionate hazards. 
In the sections which follow, the various generator con- 
nections are analyzed with the view of selecting the meth- 
od of grounding most suitable. 


26. Unit System—Fig. 19 


From the discussion under Sec. 12, it is evident that 
solid grounding of the generator neutrals, whether one 
machine or all of them, will usually result in ground fault 
currents exceeding the three-phase fault current. From 
the standpoint of mechanical strength of the generator 
winding, this situation requires that any grounding of the 
generator neutrals be through an impedance sufficient to 
limit the ground-fault current to the three-phase value. 

If the neutrals are to be grounded, and no further limita- 
tion of ground current is required, other than to secure 
protection against winding distortion, a neutral reactor is 
suitable. As to transient overvoltages it is safe, and in the 
larger sizes has the advantage of lower cost and smaller 
space as compared with a resistor. A neutral breaker 
should usually be provided to limit burning in case of in- 
ternal generator faults because of slow decay of field cur- 
rent and residual voltage even when the field breaker is 
opened. However in small stations the saving in cost may 
be worth weighing against the possibility of increased 
damage to the machine. 

An advantage sometimes attributed to grounding gener- 
ators with the unit system of operation is that most arma- 
ture-winding faults start as grounds. By grounding the 
neutral, positive current flow is obtained in case of a fault 
so that quick and positive relaying is obtained. It is 
doubtful if there is any pronounced advantage insofar as 
relaying is concerned over that obtainable with unground- 
ed operation and ground-fault detectors. Three forms of 
ground-fault detection are illustrated in Fig. 27. A single 
potential transformer from neutral to ground is utilized in 
Fig. 27 (a). A ground fault on any part of the circuit com- 
prising the low-voltage winding of the transformer, con- 
necting leads, or generator winding will produce a voltage 
on the relay that can be used for tripping or alarm pur- 
poses. In Fig. 27 (b) three potential] transformers are con- 
hected in star, and function in a similar manner. This 
Scheme has an advantage over that of Fig. 27 (a) in that 
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Fig. 27—Alternative methods of ground fault detection on 
isolated neutral generators. 


it can be set more sensitively. In addition for 27 (b) the 
alarm will be given in case of an open circuit in the primary 
of a potential transformer. In 27 (a), if there is sufficient 
bus and transformer capacitance the triangle of line volt- 
age will tend to be stabilized with reference to ground and 
the residual harmonics will appear between neutral and 
ground. The relay must be set above any such harmonic 
voltage, which therefore decreases its sensitivity. Usually 
this will not be a serious handicap although in extreme 
cases harmonic voltages as much as 15 percent of normal 
phase-to-neutral voltage might exist between neutral and 
ground. The scheme of Fig. 27 (b) avoids this situation. 
In the scheme of both Figs. 27 (a) and (b), the sensitivity 
of protection decreases as the ground-fault approaches the 
neutral point. This is not often a serious handicap as most 
faults are near the line end. For complete protection any~- 
where within the windings, the scheme of 27 (c) suggested 
by R. Pohl can be used. As shown, this involves displacing 


_ the neutral continuously by means of an auxiliary wind- 


ing on one potential transformer. Therefore, when a 
ground occurs anywhere—even on the neutral lead itself— 
a voltage will appear across the relay. This scheme is 
limited to stations where the generator leads and buses are 
isolated from the system by transformers. Otherwise, ca- 
pacity effects or neutral grounds on other equipment would 
cause a continuous indication. These ground fault detec- 
tors are in addition to the customary differential protec- 
tion. 

In all of the schemes of Figs. 27 (a), (b) and (c), there 
is some risk of false indication caused by ground faults on 
the high-tension system. This can arise as a result of zero- 
sequence capacitive coupling between high-voltage and 
low-voltage windings of the step-up power transformers. 
The zero-sequence diagram of part of the system is illus- 
trated in Fig. 28. As there shown, the capacity effect of 
the power-transformer windings can be represented by an 
equivalent star. Part of the zero-sequence voltage on the 
high-voltage side created by a ground fault is transferred 
to the low-voltage side by capacity potentiometer effect, 
and will give some voltage across the fault-detector relay. 
The magnitude of this voltage is determined by the ratio 
of transformation, type of high voltage grounding, proxi- 
mity of fault, amount of capacitances in the transformer 
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Fig. 28—How zero-sequence capacitive coupling may cause 
false indications. 

(a) Internal capacitances of two-winding transformer. 

(b) Zero-sequence diagram showing how zero-sequence voltages 
may be transferred from the high-voltage to the low-voltage 
side of a transformer where the low-voltage side is ungrounded 
and of low electrostatic capacity to ground. 


branches and the generator, and the burden of the relay. 
In general, the larger the transformer bank and the higher 
the voltage, the greater the risk of false operation. The 
difficulty can be eliminated by paralleling the relay with a 
dummy load or by using a low-impedance current relay, 
without interfering with the sensitivity of the protection. 
While the conditions necessary to such false indication are 
not likely, one such case has actually been observed. Be- 
cause of this electrostatic coupling, it is probably unde- 
sirable to operate the generators without some form of 
drainage to ground. 

A scheme which avoids the principal objections to un- 
grounded neutral is shown in Fig. 29. This consists of 
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Fig. 29—Grounding scheme for unit system. 


connecting the primary of a distribution type transformer 
between the generator neutral and ground. The secondary 
of this transformer is shunted by a resistor and by a po- 
tential relay for tripping or alarm, as desired. The size of 
the transformer and resistor depend upon the charging 
current in case of a line-to-ground fault. This charging 
current can be obtained by summing up the various com- 
ponents of circuit capacitance, and determining the cur- 
rent that flows if one phase is grounded. The system of 
Fig. 30 is used for an example. This covers an 11.5-kv, 
75 000-kva, 1800-rpm, 60-cycle turbine generator having 
surge-protective capacitors at its terminals. 
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TRANSFORMER 


GENERATOR Cc 


VOLTAGE RELAY OR CURRENT RELAY 
Fig. 30—Capacitance values for grounding through distribu- 


tion transformer fix kw loss value of secondary resistor. 


The zero-sequence capacitance per phase of each circuit 
component are listed below and totalled. 


Generator 0.320 mfd 

Generator surge capacitor 0.250 mfd 

Generator leads 0.060 mfd 

Power transformer 0.004 mfd 

Total 0.634 mfd 

— sie 1 
At 60 cycles, this is a capacitive reactance of —— or 
2rfC 
108 

————_ 4180 ohms. - i 
377(0.034) or ohms. The zero-sequence current is 


\ 
equal to the normal phase to neutral voltage divided by 


this reactance or 6620/4180=1.58 amperes. The total 
capacitive fault current is three times the zero-sequence 
current or 4.74 amperes. ie gee ae 

Transient-analyzer studies have been made to determine 
the influence of the size of the resistor upon the transient 
overvoltage produced during an arcing fault. This subject 
is treated in more detail in Chap. 14. In general, it was 
found that as the kilowatts dissipation in the resistor is 
increased, the transient voltages steadily decrease until 
the resistor kilowatt loss equals the capacitive kva. In- 
creasing the resistor energy loss further gave but little 
additional reduction in transient overvoltage. 

The total current at the point of the fault to ground is 
the vector sum of the capacitive component of current, 
and the resistive component. If the resistive component 
is made equal to the capacitive component, the sum is 1.41 
times as much as the capacitive component. Increasing 
the resistive current beyond equality with the capacitive 
current produces little further reduction in transient over- 
voltage, but increases the energy in the arc and the dam- 
age therefrom. It has become more or less standard prac- 
tice to apply the resistor to develop an energy loss equal 
to or slightly exceeding the capacitive kva duringsground- 
fault conditions. 

The kva of the transformer is determined by the product 
of the primary current and the rated primary voltage, 
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divided by an overload factor from the following table: 


Time Factor 
1 Minute 4.7 
5 Minutes 2.8 
30 Minutes 1.8 
1 Hour 1.6 
2 Hours 1.4 


The rated primary voltage of the transformer should be 
approximately 114 times the generator line-to-neutral volt- 
age, in order to avoid excessive magnetizing inrush, when 
a ground occurs. It is preferable to disconnect a generator 
from the system, and remove excitation immediately upon 
the occurrence of a fault, in order to confine the damage 
as much as possible. On small systems, some operators 
prefer to have a ground relay sound an alarm, giving the 
system operator a chance to make provision for the loss of 
the generator. In any case, automatic tripping should 
follow after a reasonable time delay. 

For the system of Fig. 30, the capacitive kva developed 
is (11.5/1.732) (4.74) =31.5 kva. The resistor should dissi- 
pate 31.5 kw. Ii a transformer of 11 500 volts primary, 
460 volts secondary were selected, the open-circuit sec- 
ondary voltage would be 460/1.732 or 265 volts. The cur- 
rent rating of the resistor would be 31 500 watts/265 volts 
or 119 amperes, and its resistance 265/119 or 2.23 ohms. 

The kva duty on the transformer is (11.5) (4.74) or 54.5 
kva. Note that this exceeds the actual loading, due to the 
use of a transformer rated on the basis of line-to-line volt- 
age. Fora l-hour duty cycle a transformer rated 54.5/1.6 
or 3+ kva can be used. A standard 37.5-kva transformer 
can be selected on this basis. For a 5-minute duty cycle a 
rating of 54.6/2.8 or 19.5 kva would suffice, and a standard 
25-kva transformer can be selected. In general, it is prefer- 
able to be conservative on the transformer rating in order 
that its reactance not be an appreciable factor. It is prefer- 
able to apply the resistors on the basis of continuous duty, 
as their size and cost are usually not significant factors. 

Oil-immersed, askercl-immersed, and air-cooled trans- 
formers can be used, based on user preference. Either 
current- or voltage-actuated relays can be used, as indi- 
cated by Fig. 30. ‘ 

The scheme is, in effect, a generator-neutral grounding 
device of very high resistance in which a fragile and bulky 
high-voltage resistor is replaced by a step-down trans- 
former and low-resistance resistor. With the proportion- 
ing suggested, the possibility of ferro-resonance with an 
unshunted transformer is avoided, transient overvoltages 
from switching or arcing are reduced, and there is a re- 
duction in harmonic voltage in the potential indication, 
making it possible to use lower settings for the ground 
relay. 


27. Power Transmitted at High Voltage, Low-Volt- 
age Bus System Fig. 20 


A good many of the arguments with reference to Fig. 19 
also apply to Fig. 20, particularly to limitation of ground- 
fault current. If the neutrals are all ungrounded, however, 
it is not possible to secure individual selection of the ma- 
chine developing a ground fault, as the low-voltage tie 
puts the residual voltage on all machines. Various prac- 
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tices as to neutral grounding have been employed, perhaps 
the commonest of which is to provide a neutral bus to 
which one or more machine neutrals are tied, with a resistor 
from this bus to ground. The resistance is usually such as 
to limit the ground-fault current to 0.5 to 1.5 times full- 
load current of the smallest machine, however no hard and 
fast rule can be given. With the sensitive differential pro- 
tection now used, this permits satisfactory tripping for 
grounds in any machine. Grounding transformers on the 
low-voltage bus have also been used to insure a source of 
ground current for relaying. However, it is difficult to 
hold Xo/X, to 3.0 and transient overvoltages may be ex- 
cessive. 


28. Power Transmitted at Generator Voltage, 
Three-Wire System Fig. 21 


The problem of selectively isolating ground faults will 
usually require that a system of this kind be grounded in 
some manner. Likewise if cables are used for the distribu- 
tion circuits, the matter of neutral stabilization and sup- 
pression of arcing grounds will require that the grounding 
impedance be moderately low. One machine alone can be 
grounded and satisfy these requirements, but a neutral- 
impedance device will be necessary to limit the maximum 
current through the machine. Because of the various 
combinations of machines that may be in service at dif- 
ferent times there is some operating complication in insur- 
ing that a system ground is always available, and for this 
reason it is probably desirable that all neutrals be ground- 
ed. If a neutral bus is employed, each neutral can be con- 
nected to this and a single grounding resistor or reactor 
used. An alternative and probably more desirable ar- 
rangement is to ground each neutral through sufficient 
impedance that the ground-fault current through each 
individual machine will never exceed its safe value. 

The influence on communication circuits is almost im- 
possible to forecast, because most cases arise out of reso- 
nance between the ground reactance and the capacitance 
to ground of the circuits. With these constantly changing 
with the growth of the system, about the only course that 
can be pursued is to consider each case as It arises. Usually 
a parallel tuned filter in the neutral connection of one 
generator will cure a specific case of trouble. 


29. Power Transmitted at Generator Voltage, 
Four-Wire System Fig. 22 


The general situation with this system connection is the 
same as on the three-wire system. However since loads 
are connected from phase wires to the neutral wire, the 
question of neutral displacement during faults becomes 
much more important. Otherwise, during a ground fault 
on one phase, the voltage on the other phases will rise, 
and lamps, radios and other utilization devices will be 
flashed. It is therefore essential on a four-wire system that 
no more impedance be inserted in the neutral connection 
than necessary to protect the generators against excessively 
high currents during ground faults. The proper impedance 
can be calculated by the method of symmetrical com- 


. xX 

ponents. If all generators are grounded, making ae 1.0 
1 

for each generator will satisfy the generator requirements. 
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If 4°=1 for the entire system, this will hold the line-to- 
AY 

neutral voltage down to normal value (as shown by Fig. 6, 

Chap. 14) and thus satisfy the load requirements. It is 

probable that a moderate increase in line-to-neutral volt- 


age during ground faults is permissible because the condi- 
wed : x : 
tion is temporary, so that ratios of r= 1.5 or even 2.0 for 
1 


the system may be feasible. These figures are approxi- 
mate, as resistance has not been considered, and in some 
cases, it will be important. 

Three possible ways in which neutral impedances can 
be employed are presented in Figs. 22 (b), (c) and (d). 
The first is shown merely for the sake of completeness; it 

serves no necessary function in limitation of current and 
would prove a liability in excessive neutral displacement 
and regulation with unbalanced loads. 

In both Figs. 22 (c) and (d), the neutral impedance is 
between generator neutral and ground where it is effective 
in reducing ground-fault currents. In 22 (c) the regula- 
tion to unbalanced loads is slightly better than in 22 (d), 
but the impedances necessary for neutral stabilization will 
be usually low compared to the line impedances where 
there are a number of individual feeders and this point will 
ordinarily not be important. On many systems the fourth 
wire will be grounded at each transformer installation, 
and 22 (d) is necessary in this event. In general 22 (d) 
represents a more satisfactory connection. 

In most power stations, there is considerable shifting of 
generators in and out of service. With the four-wire sys- 
tem, the dual requirements of prevention of high individual 
generator currents during ground faults, and restriction of 
neutral displacement are necessary. The most satisfactory 
method of maintaining these requirements is to use in- 
dividual grounding devices with each generator. The gen- 
erator-neutral breaker may be left closed whether the gen- 
erator is in or out of service, and only opened in case of a 
generator fault. 

For this type of service reactors are preferable as ground- 
ing devices. For a given limitation of current, the distor- 
tion of phase voltages to ground will be less than for a 
resistor because the voltage drop is in phase with the 
phase-to-neutral voltage of the faulted phase. The cost 
and space requirements will usually be less. The likeli- 
hood of excessively high transient voltages during arcing 

XxX 


* ratio must be kept low 


grounds is small because the Xy 
1 


on the four-wire system. 


30. Power Transmitted at Double Generator Volt- 
age by Auto-Transformers, Fig. 23 


Figure 23 (b) is being used to a considerable extent on 
large systems employing 24 kv or 27.6 kv underground 
cable distribution systems. Interconnecting and ground- 
ing the neutrals of the generators and auto-transformers 
stabilizes the neutral and prevents excessive voltage stres- 
ses in the event of ground faults. Any triple series har- 
monics present in the generator wave form are passed to 
the outside lines. On cable systems there is little likeli- 
hood of this causing interference with communication cir- 
cuits. Where the distribution is by overhead lines there 
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exists some possibility of communication circuit interfer. 
ence. In fact, the case is exactly analogous to that dig. 
cussed in Section 28. 

Figure 23 (c) is similar to 23 (b) except that a delta 
tertiary has been added. The effect of the tertiary is to 
decrease the magnitude of the triple series harmonic volt. 
ages applied to the outgoing lines and to cause a circulat. 
ing current to flow in the neutral interconnection. In most 
cases it is doubtful whether either of these influences exists 
in sufficient magnitude to be of any practical importance. 
Assume for example that the delta winding is rated at one. 
half the kva parts of a one to two ratio auto-transformer, 
It will then be one-fourth' the generator kva rating. The 
reactance from generator winding to tertiary winding may 
be 8 percent on the tertiary kva or 32 percent on the gen- 
erator kva. If the generator zero-sequence reactance is 8 
percent, the triple harmonic voltages at the generator 

3(32) 
3(8+32) 
the value without a tertiary. This reduction would ordi- 
narily not be sufficient to correct interference to a satis- 
factory level. The harmonic circulating current is similar- 
ly of small importance from the standpoint of heating. 
For example, assume 10 percent third harmonic voltage 
in the generator phase to neutral wave form (a very high 
figure for modern generators). This would be acting on an 
impedance of 3X(8+32) or 120 percent. The circulating 


terminals will be reduced to about or four-fifths | 


current would then be fp X100 or 8 percent per phase 


increasing the I?R by only 14 percent. See Sec. 15 of this 
chapter. (NOTE: In both of the above calculations, it 
was assumed that the generator reactance would increase 
as the order of the harmonic.) The foregoing discussion 
shows that where both the generator and auto-transformer 
are to be grounded and are in the same station, there is 
little point to adding a delta tertiary winding to the auto- 
transformer. Should there be an appreciable distance be- 
tween the generator and the transformer, and particularly 
if there are paralleling communication circuits this ques- 
tion should be carefully considered, as the flow of trans- 
former magnetizing current or generator triple harmonic 
circulating current may cause inductive influence. 

In Fig. 23 (d) the generator neutral is ungrounded, and 
the auto-transformer neutral grounded, with a delta terti- 
ary provided. This minimizes all communication. circuit 
influence and generally gives satisfactory stabilization of 
voltages in the event of ground faults. Generator differen- 
tial protection is less sensitive for faults in the vicinity of 
the generator neutral point. 

Figure 23 (e) shows the generator neutral grounded and 
the auto-transformer neutral ungrounded. This connec- 
tion puts the generator triple series harmonics on the out- 
going circuits, but facilitates generator differential pro- 
tection. The line voltages are properly stabilized in the 
event of ground faults. 

If both generator and auto-transformer grounds are — 
omitted, the generator insulation will be gverstressed in : 
the event of a ground fault on the high voltage side of the } 
auto-transformer and this connection should therefore not E : 5 
be used. If the high voltage side of a grounded neutral jas 
auto-transformer is connected to an effectively groune™. 
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WITHOUT FEEDERS AT GENERATED VOLTAGE 


100 PERCENT OF SYSTEMS 


Fig. 31—Relative United States use of grounding methods on 
generators without feeders at generated voltage. 


system (preferably with grounded star-delta transformers 
at the same station) the tertiary may be omitted whether 
the generator neutral is grounded or not. The generator 
neutral will be shifted from ground potential in the event 
of a ground fault on the system, but not sufficient to over- 
stress the generator insulation. 

Generally, a fault to ground on the high-voltage side of 
the auto-transformer will not result in generator currents 
exceeding those permissible. For ground faults on the low- 
voltage side, the generator currents may exceed permissible 
values unless a reactor is placed between the generator 
neutral and ground. 


31. Trends and Practices in Generator Grounding 


Figures 31 and 32 are plotted from data obtained from 
the Third AIEE Report on System Grounding’?. In most 
of the cases of “reactance grounding,” the grounding 
reactors are of low ohms, resulting in “effective ground- 
ing.” “Solid” and “reactance” grounded may therefore 
he combined as “effective” grounding, and as such, about 
half of the systems are so grounded. The percentage of 
effectively grounded systems is decreasing slightly. The 
“ungrounded” classification includes potential transformer 
grounding. 
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DISTRIBUTION SYSTEMS 


Original Authors: 
John S. Parsons and H. G. Barnett 


I. GENERAL 


N electric distribution system, or distribution plant 
A as it is sometimes called, is all of that part of an 
electric power system between the bulk power 
source or sources and the consumers’ service switches. 
The bulk power sources are located in or near the load area 
to be served by the distribution system and may be either 
generating stations or power substations supplied over 
transmission lines. Distribution systems can, in general, 
be divided into six parts, namely, subtransmission cir- 
cuits, distribution substations, distribution or primary 
feeders, distribution transformers, secondary circuits or 
secondaries, and consumers’ service connections and 
meters or consumers’ services. Figure 1 is a schematic dia- 
gram of a typical distribution system showing these parts. 
The subtransmission circuits extend from the bulk 
power source or sources to the various distribution sub- 
stations located in the load area. They may be radial cir- 
cuits connected to a bulk power source at only one end or 
loop and ring circuits connected to one or more bulk 
power sources at both ends. The subtransmission circuits 
consist of underground cable, aerial cable, or overhead 
open-wire conductors carried on poles, or some combina- 
tion of them. The subtransmission voltage is usually be- 
tween 11 and 33 kv, inclusive. 

Each distribution substation normally serves its own 
load area, which is a subdivision of the area served by the 
distribution system. At the distribution substation the 
subtransmission voltage is reduced for general distribu- 
tion throughout the area. The substation consists of one 
or more power-transformer banks together with the neces- 
sary voltage regulating equipment, buses, and switchgear. 

The area served by the distribution substation is also 
subdivided and each subdivision is supplied by a distri- 
bution or primary feeder. The three-phase primary feeder 
is usually run out from the low voltage bus of the sub- 
station to its load center where it branches into three- 
phase subfeeders and single-phase laterals. The primary 
feeders and laterals may be either cable or openwire cir- 
cuits, operated in most cases at 2400 or 4160 volts. 

Distribution transformers are ordinarily connected to 
each primary feeder and its subfeeders and laterals. These 
transformers serve to step down from the distribution 
voltage to the utilization voltage. Each transformer or 
bank of transformers supplies a consumer or group of con- 
sumers over its secondary circuit. Each consumer is con- 
nected to the secondary circuit through his service leads 
and meter. The secondaries and service connections may 
be either cable or open-wire circuits. 
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Fig. 1—Typical distribution system showing component parts, 


\eseruene SERVICES 


The distribution plant occupies an important place in 
any electric power system. Briefly, its function is to take 
electric power from the bulk power source or sources and 
distribute or deliver it to the consumers. ° The effec- 
tiveness with which a distribution system fulfills this 
function is measured in terms of voltage regulation, service 
continuity, flexibility, efficiency, and cost. The cost of 
distribution is an important factor in the delivered cost 
of electric power. Approximately 50 per cent of the capital 
investment in electric power systems in the United States 
is in the distribution plant. 

Briefly, the problem of distribution is to design, con- 
struct, operate, and maintain a distribution system that 
will supply agequate electric service to the load area under 
consideration, both now and in the future, at the lowest 
possible cost. Unfortunately, no one type of distribution 
system can be applied economically in all load areas, be- 
cause of differences in load densities, existing distribution 
plant, topography, and other local condittons. 

In studying any load area, the entire distribution oF 
delivery system from the bulk power source—which may 
be one or more generating stations or power substations, 
to the consumers should be considered as a unit. This 
includes subtransmission—distribution substations, Prt . 
mary feeders, distribution transformers, secondaries, a0 
services. All of these parts are interrelated and should . 
be considered as a whole so that money saved if one part: 
of the distribution system will not be more than offset b 
a resulting increase elsewhere in the system. 
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For different load areas, or even different parts of the 
same load area, the most effective distribution system will 
often take different forms. Certain principles and features, 
however, are common to almost all of these systems. The 
distribution system should provide service with a mini- 
mum voltage variation and a minimum of interruption. 
Service interruptions should be of short duration and 
affect a small number of consumers. The overall system 
cost—including construction, operation, and maintenance 
ot the system—should be as low as possible consistent 
with the quality of service required in the load area. The 
system should be flexible, to allow its being expanded in 
small increments, so as to meet changing load conditions 
with a minimum amount of modification and expense. 
This flexibility permits keeping the system capacity 
close to actual load requirements and thus permits the 
most effective use of system investment. It also largely 
eliminates the need for predicting the location and magni- 
tudes of future loads. Therefore, long-range distribution 
planning, which is at best based on scientific guesses, can 
be greatly reduced. 


II. TYPES OF DISTRIBUTION SYSTEMS 


Electric power was originally distributed by radial d-e 
systems which later developed into the well known d-c net- 
work system. For many years this was the standard form 
of distribution system for the heavy-density load areas 
where the distribution circuits are usually underground, 
such as in the business sections of the larger cities. Be- 
cause power could be transmitted only at the utilization 
voltage, the d-c system was not suitable for serving eco- 
nomically the more extensive lighter-load areas. After 
the introduction of alternating current into this country by 
George Westinghouse, these areas were served by over- 
head a-c systems of the radial type. The heavy-density 
load areas in many of the smaller cities, where it was felt 
that the necessity for service reliability did not warrant 
the expense of a d-c network system, were also fed from 
a-c radial systems. For that matter they still are. Most 
electric power today is distributed by a-c systems. The 
relatively few d-c distribution systems still in service are 
gradually being replaced by a-c systems. The following 
descriptions and discussions of distribution systems are 
confined to alternating current systems. 


1. The Radial System 


The radial type of distribution system, a simple form 
of which is shown in Figure 2, is the most common. It is 
used extensively to serve the light- and medium-density 
load areas where the primary and secondary circuits are 
usually carried overhead on poles. The distribution sub- 
station or substations can be supplied from the bulk- 
power source over radial or loop subtransmission circuits 
or over a subtransmission grid or network. The radial 
system gets its name from the fact that the primary 
feeders radiate from the distribution substations and 
branch into subfeeders and laterals which extend into all 
Parts of the area served. The distribution transformers are 
connected to the primary feeders, subfeeders, and laterals, 
usually through fused cutouts, and supply the radial 


‘Distribution Systems 


667 


A 


4. 
mtr 


lew 
ae 


Te TT 


Fig. 2—Simple form of radial-type distribution system. 
secondary circuits to which the consumers’ services are 
connected. 

Oil circuit breakers arranged for overcurrent tripping 
are used to connect the radial-primary feeders to the low- 
voltage bus of their associated substation. When a short- 
circuit occurs on a feeder its station breaker opens and 
interrupts the service to all consumers supplied by the 
feeder. Manually-operated sectionalizing switches are 
often installed at the junction of the subfeeders and 
the main feeder. When trouble on a subfeeder has been 
located the faulty section can be isolated by opening the 
proper switch, and service can be restored to the remain- 
der of the feeder before repairs are made. The purpose of 
the fuses in the primary leads of the distribution trans- 
formers is to open the circuit in case of trouble in a trans- 
former or on its associated secondary lines and prevent a 
possible shutdown of a considerable portion of the feeder 
or the entire feeder on such faults. The subfeeders and 
laterals are sometimes fused to prevent tripping the feeder 
breaker at the substation and thus reduce the extent of 
the outage when a fault occurs on one of them. Obviously, 
the transformer fuses, branch fuses, and feeder breaker 
should be properly coordinated so that the circuit will 
be opened at the proper point to keep the outage to a 
minimum. 

When a fault that is not self clearing develops on any 
section of the feeder, in one of its associated distribution 
transformers, or on one of its secondary circuits, a number 
of the consumers will be without service for a considerable 
period. All consumers connected to the feeder will, of 
course, be affected if the fault is located so as to cause the 
feeder breaker at the substation to open. Experience with 
faults on open-wire circuits has shown that deenergizing 
these circuits causes the faults to clear themselves in most 
cases. For this reason the feeder breakers are often made 
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to reclose automatically. The reclosing equipment pro- 
vides one, two, or three reclosures before the breaker is 
locked open. 

Fundamentally the advantages of the radial distribu- 
tion system are simplicity and low first cost. These result 
from a straightforward circuit arrangement, where a sin- 
gle or radial path is provided from the distribution sub- 
station, and sometimes from the bulk power source, to the 
consumer. With such a circuit arrangement the amount 
of switching equipment is small and the protective relay- 
ing is simple. Although simplicity and low first cost 
account for the widespread use of the radial system they 
are not present in all forms of the system. 

The lack of continuity of service is the principal defect 
of the radial system of distribution. Attempts to over- 
come this defect have resulted in many forms and arrange- 
ments of the radial system. Frequently the system is 
radial only from the distribution substations to the dis- 
tribution transformers. Because of the many system 
arrangements encountered it is sometimes difficult to de- 
termine in what major type a system should be classified. 
To aid in such classification and to follow more readily the 
discussion of radial systems, it should be remembered 
that a radial system is a system having a single path over 
which current may flow for a part or all of the way from 
the distribution substation or substations to the primary 
of any distribution transformer. 

Subtransmission.—Power is transmitted from the 
bulk power source or sources to the distribution substa- 
tions over the subtransmission circuits. These circuits 
may be simple radial circuits, parallel or loop circuits, or a 
number of interconnected circuits forming a subtrans- 
mission grid or network. Several factors influence the 
selection of the subtransmission arrangement for supplying 
distribution substations in a radial system. Two of the 
most important are cost and reliability of power supply 
to distribution substations. 

A radial arrangement of subtransmission circuits such 
as that shown in Fig. 3 results in the lowest first cost. 
This form of subtransmission is not usually employed be- 
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Fig. 3—Simple form of radial type subtransmission circuits. 
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cause of the poor service reliability it provides. A fault 
on a radial subtransmission circuit results in a service in- 
terruption to all loads fed over it. The economical use of 
subtransmission circuits and associated circuit breakerg 
dictates that each subtransmission circuit carry a rela. 
tively large block of load. Thus a fault on a radial gyb. 
transmission circuit results in the loss of considerable 
load, which usually means that a large area and many 
consumers are without service. 

An improved form of radial subtransmission is shown in 
Fig. 4. Each radial subtransmission circuit serves ag g 
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Fig. 4— Improved form of radial type subtransmission circuits. 


normal feed to certain distribution substation transform- 
ers and as an emergency feed to others. This arrangement 
permits quick restoration of service when a radial sub- 
transmission circuit is faulted. The substation trans- 
formers normally fed from the faulty circuit are each pro- 
vided with an emergency circuit to which they can be 
switched either manually or automatically. This arrange- 
ment does not prevent an extensive service interruption 
for a short time and requires spare capacity to be built L 


: F 


into the radial subtransmission circuits. 

Because extensive service interruptions cannot often 
be. tolerated, the subtransmission for a radial system - 
usually takes the form of parallel or loop circuits or of a 
subtransmission grid. Whether a loop or a grid arrange 44 
ment of subtransmission circuits is preferable will depen, 
largely on conditions in the particular load\area, such 88: 
the load distribution, the topography, and the number af 
location of the bulk power sources. i 

A parallel- or loop-circuit subtransmission layout 


Chapter 20 


shown in Fig. 5, on which no single fault on any circuit 
will interrupt service to a distribution substation. All cir- 
cuits must be designed so that they will not be overloaded 
when any one circuit is out of service. Two parallel cir- 
cuits are considered to be a sectionalized loop supplying 
one distribution substation. However, two parallel cir- 
cuits running over the same right-of-way are not nearly 
as reliable as two circuits following different routes. A 
fault on one circuit may involve the other if the two cir- 
cuits are closely adjacent. This is not as likely to result, 
however, with cable circuits as with open-wire circuits. 

The term “loop” as used here should not be confused 
with the term “ring”. By loop is meant a circuit which 
starts from a power-supply point or bus and after running 
through an area returns to the same point or bus; where- 
as a ring is a circuit or circuits which start from a power- 
supply point or bus, tie together a number of power-sup- 
ply points or buses, and return to the starting point or 
bus. In other words, a ring is a loop from which substa- 
tions can be supplied and into which power is fed at more 
than one point. The ring arrangement is quite often used 
for subtransmission. It is a simple form of subtransmission 
network, and as the system grows it very often develops 
into a grid. 

The network form of subtransmission is flexible in that 
it ean readily be extended to supply additional distribu- 
lion substations in the area it covers with a relatively 
small amount of new circuit construction. It requires a 
large number of circuit breakers, however, and is difficult 
and costly to relay. The network or grid form of sub- 
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Fig. 5—A parallel- or loop-circuit subtransmission layout. 
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transmission shown in Fig. 6 provides greater service re- 
lability to the distribution substations than the radial 
4nd Joop forms of subtransmission. This is true particu~ 
larly when the distribution system is supplied from two 
°t more bulk power sources, because it is possible for pow- 
®t to flow from any bulk power source to any distribution 
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substation. This paralleling of bulk power sources through 
the subtransmission circuits also has the advantage of 
tending to equalize the load on the bulk power sources. 
In a large distribution system any two or even all of 
the above forms of subtransmission may be employed be- 
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Fig. 6—Network or grid form of subtransmission. 


tween the bulk power sources and the various distribution 
substations, depending upon the service requirement of 
the different substations and economic considerations. 
The form of subtransmission employed is also influenced 
by the design of the distribution substations used. 
Distribution Substations.—Twenty years ago it was 
common practice to use large distribution substations. 
The transformer capacity in many of them lay between 
15 000 and 30 000 kva. This, of course, meant that every 
reasonable precaution was taken to insure continuous 
power supply to these stations. It also meant that sys- 
tems employing these large stations contained a rela- 
tively small mileage of subtransmission circuits compared 
to the mileage of primary distribution circuits. Except 
in the areas of heavy load density this meant that the 
load was being carried too far at the lower distribution 
voltage and not far enough at the higher subtransmission 
voltage to give an economical distribution system. The 
use of these large stations also resulted in a system not 
readily adapted to changing load conditions. The sub- 
station capacity could not be increased in small incre- 
ments economically to take care of load growth. Also as 
the load grew, it often grew away from the locations where 
it was assumed it would grow when the large substation 
locations were selected. This further increased the dis- 
tance over which the load had to be carried at distribu- 
tion voltage. Thus as time passed these systems became 
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even less economical than when first designed and in- 
stalled. In order to increase the economy and flexibility 
of distribution systems the trend during recent years has 
been toward the use of more and smaller distribution 
substations, with a resulting increase in the mileage of 
subtransmission circuits and a decrease in the mileage of 
primary distribution circuits. 

Along with the change in the size of distribution sub- 
stations has gone a change in the subtransmission arrange- 
ments used. This change has been a simplification of the 
subtransmission layout and as large a reduction in the 
number of high-voltage circuit breakers as is consistent 
with service requirements. These changes have led to an 
increased use of the radial form of subtransmission along 
with the simpler loop and network forms. There is also 
a growing tendency to treat a subtransmission circuit and 
its associated substation transformer or transformers as a 
unit, thus eliminating high-voltage circuit breakers and 
doing the necessary automatic switching on the low-volt- 
age side of the substation transformer. When this is done 
the high-voltage bus in the substation is omitted. In the 
larger substations however, it will at times prove eco- 
nomical to employ a high-voltage bus and omit the low- 
voltage bus. 

The economical sizes of distribution substations to em- 
ploy on a particular radial system depend on load density, 
subtransmission arrangement, unit cost of subtransmis- 
sion circuits, unit cost of primary distribution feeders, 
cost of land, and other factors. Because many factors in- 
fluence the economical design of a distribution system and 
because existing distribution plant and local conditions 
and requirements must be taken into account, many dis- 
tribution substation designs are required. Some of the more 
basic designs are illustrated and will be discussed briefly. 

Perhaps the simplest form of distribution substation is 
that shown in Fig. 7 (a). It consists of a high voltage dis- 
. connecting switch, a transformer bank, and a primary- 
feeder breaker in the low-voltage leads of the transformer 
bank. The transformer bank can consist of three single- 
phase transformers or one three-phase transformer. Now 
that more small substations are being used the trend is 
definitely to the use of three-phase transformers. A three- 
phase transformer makes a neater and more compact 
substation, reduces the number of bushings, valves, and 
fittings to be inspected and maintained, and saves in- 
stallation time and expense. The use of single-phase trans- 
formers has the advantage of permitting open-delta opera- 
tion of the substation at reduced capacity, which is not 
possible when using a three-phase transformer. Modern 
transformers fail so rarely, however, that this disadvan- 
tage of the three-phase transformer is more than out- 
weighed by its advantages. When it is remembered 
that we are talking primarily about transformer banks of 
from 600 to 3000 kva it is often possible to keep a spare 
transformer at some central point. This transformer can 
be taken to any substation whose transformer fails. Such 
a procedure may, however, take considerable time par- 
ticularly if the transformer to be transported is large. A 
better solution to the problem of quickly restoring service 
from a small distribution substation whose three-phase 
transformer has failed is to have a portable substation, that 
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can easily and quickly be taken to any of the distribution 
substation sites and connected temporarily to serve the 
load in such an emergency. 

The substations of Fig. 7 may or may not require Volt. 
age regulating equipment. This equipment may take the 
form of automatic tap-changing-under-load, built into the 
transformer, or one or more separate voltage regulators 
Tap-changing-under-load equipment on a three-phase 
transformer provides voltage regulation in the least Space 
and usually at the lowest cost. For small substations 
with one primary feeder or relatively few low capacity 
primary feeders a single set of regulating equipment is 
usually sufficient to maintain satisfactory voltage on the 
load side of the substation transformer bank. Large sul. 
stations having many primary feeders of larger capacity, 
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Fig. 7—Simplest forms of distribution substations. 


however, ordinarily require voltage regulators on all 
feeders. In these large substations it is sometimes satis- 
factory to employ bus regulation, as in the small substa- 
tions, supplemented by regulators on only a few of the 
primary feeders. Where this can be done it is usually moro 
economical than using feeder regulators throughout. 

The single primary-feeder breaker of Fig. 7(a) is usually 
provided with overcurrent relays and automatic reclosing 
equipment. Its interrupting capacity need be equal only 
to the maximum fault current through the transformer. 
It should be remembered, however, that the interrupting 
rating of the breaker is affected by the reclosing cycle. 
In order to permit safe inspection and maintenance of the 
breaker, disconnecting switches are shown on both sides 
of it. If there is no possibility of the primary feeder being 
energized from another source at some point on the system, 
the disconnecting switch on the load side of the breaker 
can be omitted. However, switches on both sides of the 
breaker are preferable. If the load on the primary feeder 
cannot be carried by some other feeder or feeders, when the 
feeder breaker is tripped and its associated disconnects are 
opened, it must be dropped while the breaker is being 1n- 
spected or maintained. Sometimes this is not permissible 
and then a by-pass disconnecting switch, connected as 1n- 
dicated by the dotted lines, should be used. By closing 
this by-pass switch and then opening the breaker and its 
two disconnecting switches, the breaker can be isolated for 
maintenance without interrupting service to the loads on 
its associated feeder. Should a feeder fault occurunder this: 
condition it must be cleared by the breaker in the sud 
transmission circuit supplying the substation or by.’ 
breaker or fuses in the primary feeder. Although the pr ob: 
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ability of a fault occurring while the primary feeder break- 
er is out of service is small, provision should be made for 
clearing the fault from the system without serious damage. 

For safety, ease of inspection and maintenance, and 
compactness, lift-up or draw-out type breakers are now 
quite commonly used as the primary-feeder breakers in 
distribution substations. These breakers provide the dis- 
connecting-switch features on each side of the breaker, 
ag shown in Fig. 7(a), interlocked in such a way that the 
disconnects cannot be opened until the breaker is tripped. 
By having a spare breaker that can be inserted in place of 
the one removed, it is necessary to interrupt service to 
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the load only for a very short time when work is to be 
done in a feeder breaker. If even a momentary interrup- 
tion is serious, a spare cell or compartment can be provided 
into which the spare breaker can be placed and closed 
in parallel with the breaker to be worked on before it is 
tripped and removed. Either of these arrangements has 
the advantage of leaving the primary feeder with normal 
protection against a fault that might occur while the 
normal feeder breaker is being serviced. A spare breaker 
in almost all cases provides satisfactory inspection and 
maintenance facilities, and the expense of a spare cell or 
compartment to prevent a very short time interruption to 
Service can rarely be justified. 

The substation shown in Fig. 7(b) is similar to that of 
Fig. 7(a) except that it has a low-voltage bus and several 
primary feeders instead of one. It is preferred to the 
Single-feeder station where the magnitude or nature of 
the load is such that it is necessary or desirable to split 
the load between several primary feeders. Both of the 
Stations of Fig. 7 are usually supplied over a single radial- 
subtransmission circuit. In each case the transformer is 
connected directly to the supply circuit through a discon- 
hecting switch. The disconnecting switch should never 

€ opened under load but should be capable of opening 
the transformer exciting current. To prevent accidental 
Opening under load the switch should preferably be inter- 
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locked with the primary feeder breaker or breakers so 
that it cannot be opened unless this breaker or breakers 
are open. No breaker is used on the high-voltage side of 
the transformer bank because the possibility of trouble in 
a transformer or in the connections between the trans- 
former and the feeder breaker or breakers is remote. Con- 
necting the substation directly to the subtransmission 
circuit without a high-voltage breaker is no more likely 
to produce an outage of the circuit than is extending the 
subtransmission circuit a few hundred feet. Should a 
fault occur in the transformer bank or its low-voltage 
connections to the primary-feeder breaker or breakers, 
the breaker in the subtransmission or supply circuit trips 
to clear the fault. Sometimes the rating of the transformer 
bank is so small in comparison with the rating of its asso- 
ciated supply circuit that the current flowing to a fault 
in the transformer winding or between the transformer 
and the primary feeder breaker or breakers is insufficient 
to trip the breaker in the supply circuit. To prevent dam- 
age to the transformer under such a condition and to 
disconnect the substation from the supply system, fuses 
or protective links can be inserted in the high voltage 
leads of the transformer either inside the transformer tank 
or external to it. These protective links must be properly 
coordinated with the feeder-breaker relaying so that their 
blowing time is longer than the tripping time of a feeder 
breaker for all currents that can result from faults on the 
low-voltage side of the transformer. 

Instead of fuses or protective links on the high side of 
the transformer, where the substation capacity is small 
compared with that of its associated subtransmission cir- 
cuit, a circuit breaker can be used. Because of the high 
voltage of the supply circuit and the fact that the inter- 
rupting duty on the high-voltage breaker is determined 
by the characteristics of the supply system, the cost of 
such a breaker is likely to be out of proportion to the cost 
of the remainder of the small substation and excessive for 
the amount of load controlled. For a single-circuit sub- 
station such as shown in Fig. 7(a) it is sometimes possible 
to justify a breaker on the high-voltage side of the trans- 
former by omitting the primary-feeder breaker on the 
load side of the transformer. If the feeder breaker is 
omitted a disconnecting switch can be used in its place to 
insure complete isolation of the transformer where neces- 
sary. When using only a high-voltage breaker its over- 
current relays must be set to trip on both transformer and 
primary feeder faults. Except in the case of a cable feeder, 
it is desirable to have the breaker automatically reclose 
on feeder faults but it is undesirable to have it reclose on 
a fault in the transformer. Relaying to accomplish this 
becomes unduly complicated and questionable in opera- 
tion. Thus it is usually desirable to retain the primary- 
feeder breaker when a high-voltage breaker is used. In 
the multiple-feeder station of Fig. 7(b) the primary- 
feeder breakers are used either with or without a high- 
voltage breaker on the supply side of the transformer. 

A distribution substation with a single subtransmission 
supply circuit will often be subjected to too many outages 
of considerable duration to be satisfactory, because of 
faults on the supply circuit that must be located and re- 
paired before service can be restored. In order to restore 
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service quickly when a fault occurs on the substation’s 
normal supply circuit, an alternate supply circuit can be 
brought to the substation and a double-throw disconnect- 
ing switch or two interlocked disconnecting switches used 
on the high-voltage side of the transformer as shown in 
Fig. 9. When the normal supply circuit is deenergized be- 
cause of a fault on it, the substation transformer can be 
manually connected to its alternate supply circuit by the 
double-throw disconnecting switch and service thus 
quickly restored to the loads fed through the substation. 
After the normal supply circuit is repaired and reenergized 
it is usually desirable to reconnect the substation to it. 
To do this the disconnecting switch must be capable of 
interrupting the transformer exciting current, or the alter- 
nate supply circuit must be deenergized when the transfer 
is made. Deenergizing the alternate circuit involves un- 
due complication and is usually impractical because the 
alternate feed to this substation also supplies some other 
substation or substations. Because most disconnecting 
switches are incapable of interrupting load current, the 
double-throw switch should be interlocked so that the 
primary-feeder breaker or breakers must be open before 
the switch can be moved from one position to another. In 
a multiple-feeder substation such as that shown in Fig. 
9(b) it may be desirable to use a transformer breaker in the 
secondary leads of the transformer as shown in order to 
simplify the switching procedure and the interlock cir- 
cuits. 

The double-throw disconnecting switch of Fig. 9(a) 
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Fig. 9— Distribution substations with alternate subtransmis- 
sion supply to reduce duration of service interruptions. 


and (b) can be replaced by two manually-operated high- 
voltage breakers, one in each supply circuit, interlocked 
so that only one can be closed at a time. If this is done, 
no interlocks with the primary-feeder breaker or breakers 
are necessary to prevent opening load current. Where 
high-voltage breakers are used the transformer breaker is 
in practically all cases omitted. To do this switching with 
breakers, particularly oil breakers, they should be capa- 
ble of interrupting any fault current that might flow 
through them, because of the remote possibility that a 
fault may occur while performing the manual transfer. 


Distribution Systems 


Chapter 99 


The decision between the use of a disconnecting Switch op 
breakers is primarily an economic one and the cost will 
usually favor the disconnecting switch. 

The station layouts discussed in connection with Fig. 9 
(a) and (b) permit reasonably quick restoration of serv. 
ice when a fault occurs on the subtransmission cirgyj, 
supplying the station. This ability to restore service ig 
dependent on arranging the two circuits to each station 
so that a fault on one does not involve the other. A trang. 
former failure, however, causes a relatively long inter. 
ruption of service to the loads fed by the substation, 


Fig. 10—Distribution substations with duplicate transformers 
and subtransmission circuits to reduce duration of service 
interruptions due to transformer failures. 


Such interruptions are infrequent but sometimes are 
serious. To guard against relatively long service inter- 
ruptions resulting from transformer trouble, substations 
as shown in Fig. 10 can be used. Because two subtrans- 
mission circuits are brought to each substation to allow 
quick restoration of service when a fault occurs on one of 
them, as discussed in connection with Fig. 9, the substa- 
tion transformer capacity can be divided into two banks 
and one bank normally connected td each supply circuit. 
With one transformer out of service the remaining bank 
should be able to carry the entire substation load. Using 
self-cooled transformers this requires 100 per cent spare 
transformer capacity in the station. By equipping each 
of the transformers with automatic air-blast, however, 
the rating of each of the two banks can be reduced to 75 
per cent of the substation rating, or in other words the 
amount of spare self-cooled transformer capacity can be 
reduced to 50 per cent. The use of three supply circuits 
and three transformer banks further reduces the spare 
transformer capacity. 7 : 

The distribution substation shown in Fig. 10(a) ¥ 
similar to that of Fig. 7(b) except that two supply ¢i* 
cuits are run to the station and the transformer capacity 


-is divided into two banks. Each of the two banks has 


a self-cooled rating approximately equal to 75 per cent 0 
the substation rating and is equipped with automatic 
air-blast. The station is normally operated with the low: 
voltage bus split into two sections sé that each tran. 
former supplies half of the substation load. This method ‘ 
of operation has the advantage of reducing the shorty 
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circuit duty on the primary-feeder breakers. Supplying 
the load from two separate bus sections instead of con- 
necting all primary feeders to a single bus means less 
advantage is normally taken of the diversity between 

rimary feeders. This has no effect on the amount of 
substation transformer capacity required, however, be- 
cuuse this capacity is determined by the condition of one 
transformer out of service, at which time the bus is 
operated closed and full diversity among all primary 
feeders is obtained. To prevent the two transformers 
operating in parallel the load-break disconnecting switch 
or breaker between the two bus sections is interlocked so 
that it cannot be closed unless one of the two discon- 
necting switches in the secondary leads of the trans. 
formers Is open. When a fault occurs in one of the supply 
circuits or its associated transformer the supply-circuit 
breaker trips and deenergizes the supply circuit and trans- 
former thus dropping half of the substation load. This 
load can be picked up in a relatively short time, however, 
by opening the low-voltage disconnecting switch asso- 
ciated with the deenergized transformer and then closing 
the switch between the two bus sections. The entire load 
of the substation, after this switching operation, is carried 
through the one remaining transformer. If the fault is in 
the deenergized transformer and not in its associated 
supply circuit, the supply circuit can be reenergized to 
feed other stations connected to it after the disconnecting 
switch on the high-voltage side of the defective transformer 
has been opened. When the defective supply circuit or 
transformer is repaired or replaced the transformer dis- 
connecting switch should be closed before the bus sectional- 
izing switch or breaker is opened to prevent dropping 
load. To insure against operating the transformers in 
parallel, except momentarily, it is best to use a bus-sec- 
tionalizing breaker which automatically trips when both 
low-voltage transformer disconnecting switches are closed. 

The substation illustrated in Fig. 10(b) is similar to 
that of Fig. 9(b) except that the transformer capacity is 
divided between two banks and the low-voltage bus is 
normally operated in two sections just as described for 
the station of Fig. 10(a). This substation differs from that 
of Fig. 10(a) in that the only time both transformers cannot 
be used to supply the substation load is when one trans- 
former fails. If a fault develops on a subtransmission cir- 
cuit the associated transformer can be switched to the re- 
maining supply circuit, after its low-voltage breaker has 
been opened, thus making both transformers available for 
carrying the substation load. In both of the substations 
of Fig. 10 the switching is so arranged that the two trans- 
formers cannot be operated in parallel except momentarily. 
This reduces the short-circuit duty on the primary-feeder 
breakers when compared with the stations of Figs. 7(b) 
and 9(b) having the same load ratings. 

All substations discussed thus far have involved an 
Outage to all or a part of their load when a fault occurred 
in a transformer or on the associated subtransmission cir- 
cuit. The stations differ in the extent of the outage and 
in the length of time required to restore service to the 
affected loads, and in each case the restoration of service 
Tequires some manual switching. By additional expense a 
Marked decrease in service restoration time can be secured 


Distribution Systems 


673 


by using automatic throw-over substations such as those 
in Fig. 11. The substation shown in Fig. 11(a) is similar 
to that of Fig. 9(b) except that two high-voltage breakers 
have been used to obtain the automatic throw-over fea- 
ture. Only the breaker associated with the normal supply 
circuit is ordinarily closed. When a fault occurs on that 
circuit the breaker trips because voltage is absent. Its 
opening causes the other high-voltage breaker in the 
alternate supply circuit to close. The return to the normal 
supply circuit after repairs have been made can be either 
manual or automatic. If the two supply circuits cannot 
be momentarily paralleled the advantage of using manual 
reconnection is that the substation can be switched to its 
normal circuit when a short service interruption is least 
objectionable. An automatic reconnection functions to 
switch the transformer to its normal supply circuit when 
the circuit is reenergized at about normal voltage. The 
substation shown in Fig. 11(b) is similar to the station of 
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Fig. 11—Throw-over type distribution substations to auto- 

matically restore service and minimize the duration of service 

interruptions resulting from subtransmission or transformer 
faults. 


Fig. 10(a) except for the use of breakers in the low-voltage 
leads of the transformers and between the two bus sec- 
tions to obtain the automatic throw-over feature. The 
bus sectionalizing breaker is open under normal operating 
conditions. It is arranged to close automatically when 
either of the transformer breakers open, and to reopen 
when both transformer breakers are closed. This opening 
of the sectionalizing breaker after both transformer break- 
ers are closed has the advantage of not dropping load when 
returning to normal operating conditions. Sometimes it 
is objectionable to parallel the two supply circuits even 
momentarily. Then the sectionalizing breaker is arranged 
to trip when there is about normal voltage on the low- 
voltage side of both transformers. The tripping of the 
sectionalizing breaker in this case is arranged to close 
whichever transformer breaker is open. When a supply 
circuit or transformer fault occurs the associated supply 
circuit breaker trips. Because of loss of voltage the trans- 
former breaker associated with the deenergized trans- 
former opens. The opening of this breaker causes the bus- 
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sectionalizing breaker to close and quickly reenergize the 
deenergized bus section through the good transformer. 
Thus the half of the substation load that was dropped as 
a result of the fault is automatically picked up within a 
second or two by connecting it to the good transformer 
and subtransmission circuit. After the faulted supply cir- 
cuit or transformer is repaired and about normal voltage 
is restored on the low-voltage terminals of the transformer, 
the associated transformer breaker automatically re- 
closes—either just before or just after the sectionalizing 
breaker trips, depending upon the control scheme used— 
thus restoring the station to its normal operating condition. 

In the station just discussed either a supply circuit or 
a transformer fault results in the loss of half the trans- 
former capacity until repairs can be made. By employing 
both high-side and low-side throw-over in a two trans- 
former substation as shown in Fig. 11(c) all transformer 
capacity can be utilized at all times except when a trans- 
former fault occurs, just as in the case of the manual 
throw-over station of Fig. 10(b). The low-side throw- 
over functions similar to that of the station shown in Fig. 
l1(b). The high-side throw-over requires the use of three 
high-voltage breakers connected as shown in Fig. 11(c). 
Normally the substation operates with both bus-sectional- 
izing breakers open and with half of the station load sup- 
plied over each subtransmission circuit and through each 
transformer. The high-voltage sectionalizing breaker is 
interlocked with the two high-voltage transformer break- 
ers so that it closes when either of these breakers opens, 
because of loss of voltage on its supply side, and opens 
when both of these breakers close. If the momentary 
parallel of the two supply circuits resulting from this 
method of control is objectionable, the sectionalizing break- 
er can be made to open when about normal voltage exists 
on the supply side of both high-voltage transformer break- 
ers. The opening of the sectionalizing breaker, in this 
case, causes the open transformer breaker to close. The 
sectionalizing breaker is also equipped with overcurrent or 
differential relaying inasmuch as it also functions as a 
transformer breaker when either supply circuit is de- 
energized. When a supply-circuit fault occurs the circuit 
is disconnected from the system by the circuit breaker at 
its source end. The removal of voltage from the supply 
circuit causes the associated high-voltage transformer 
breaker to open. Asa result the high-voltage sectionalizing 
breaker closes and reenergizes the deenergized transformer 
and low-voltage bus section over the good subtransmission 
circuit. Restoration of voltage to the faulty supply circuit 
after repairs are made causes the associated high-voltage 
transformer breaker to reclose and the high-voltage sec- 
tionalizing breaker opens and restores the station to its 
normal operating condition. 

When a transformer fails its associated high- and low- 
voltage breakers are tripped by the overcurrent relays of 
the high-voltage transformer breaker or by differential 
relaying. They remain open until manually reclosed. The 
opening of the low voltage transformer breaker causes the 
low-voltage bus-sectionalizing breaker to close and connect 
half of the substation load, which was temporarily dropped, 
to the good transformer. After the defective transformer 
is repaired or replaced and its associated high-voltage or 
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high- and low-voltage breakers are closed the low-voltage 
bus sectionalizing breaker opens. This sectionalizin 

breaker is arranged to close when either of the low-voltage 
transformer breakers are opened, and to open when both 
of these breakers are closed if the voltage on the trang. 
former side of both is about normal. This voltage cheek 
prevents the accidental dropping of half the substation 
load should an attempt be made to return the transformer 
to service by closing its low-voltage breaker without firgt 
closing its high-voltage breaker. Should the resulting 
momentary paralleling of the two supply circuits through 
the substation transformers be objectionable, the section. 
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Fig. 12—Distribution substations with duplicate supply cir- 
cuits to eliminate serviceinterruptions due to subtransmission 
faults. 
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alizing breaker can be arranged to open when the voltage 
on the supply side of both high-voltage transformer break- 
ers is about normal. The opening of the low-voltage sec- 
tionalizing breaker causes the open low-voltage trans- 
former breaker to close. 

Automatic-throwover distribution substations can rare- 
ly be justified except where the two subtransmission cir- 
cuits supplying the station cannot be paralleled and quick 
restoration of service is necessary after a supply circuit or 
transformer fault occurs. To obtain the automatic-throw- 
over feature several more circuit breakers are usually re 
quired than in the substations previously discussed and 
the control of these breakers is relatively complicated. 
Substations can be built, using no more circuit breakers 
and simpler relaying, that prevent even a momentary 
service interruption when a subtransmission-circuit oF 
transformer fault occurs. ’ 

Two types of distribution substations that continue t0 
supply all of their load when a supply circuit fault occurs 
are shown in Fig. 12. The two supply circuits for the 
substation of Fig. 12(a) are connected to a high-voltage 
bus through circuit breakers. These breakers are normally 
controlled by directional-overcurrent relays that trip wheB 


fault current flows from the substation high-voltage bus © 
toward the power source. When a fault occurs on a supPYY., 
circuit the associated high-voltage breaker at the sub; . 
station and the breaker at the source end of the circuit tMP_, 
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and disconnect the faulty circuit from the system. The 
substation continues to be supplied over the good sub- 
transmission circuit with a voltage dip as the only disturb- 
ance to its loads. The two high-voltage breakers at the 
substation are also equipped with over-current relays, 
which have a longer time setting than the directional- 


ee 
(a) (b) (c) 


Fig. 13—Distribution substations with duplicate supply cir- 
cuits and transformers to eliminate service interruptions due 
to subtransmission or transformer faults. 
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overcurrent relays previously mentioned, to trip both 
breakers if the transformer fails. The opening of these two 
breakers when the transformer fails may be objectionable 
because the two supply circuits may be parts of a loop or 
ring that should be continuous. The substation can be 
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modified by the addition of a high-voltage transformer 
breaker as shown in Fig. 12(b) so that the supply-circuit 
breakers do not open when a transformer fault occurs. 
Supply-circuit faults in this station are cleared just as they 
are in the station of Fig. 12(a), however, transformer faults 
are cleared by the high-voltage transformer breaker. A 
transformer fault in either of the substations of Fig. 12 
causes an interruption to the station load until the defec- 
tive transformer can be repaired or replaced. 

The loads supplied by substations shown in Fig. 13 are 
not interrupted when a transformer or supply-circuit fault 
occurs. In these stations the transformer capacity is di- 
vided between two units so that if one transformer fails 
the other carries the entire load. Each transformer prefer- 
ably has a self-cooled rating equal to about 75 per cent of 
the substation rating and should be equipped with auto- 
matic air-blast as discussed in connection with the sub- 
stations of Fig. 10. 

A high quality of service with minimum equipment is 
provided by the substation shown in Fig. 13(a). Each 
transformer is operated as a unit with its associated sub- 
transmission circuit and has only a disconnecting switch 
on its high-voltage side. The breaker in the low-voltage 
leads of the transformer is controlled by directional-over- 
current relays arranged to trip when current flows from the 
substation bus toward the transformer. These relays are 
given a short time setting and operate when a transformer 
or supply-circuit fault occurs. The breaker is also equipped 
with overcurrent relays, with a longer time setting, to pro- 
tect against low-voltage bus faults. When a supply-circuit 
or transformer fault occurs the associated low-voltage 
transformer breaker opens. The breaker at the source end 
of the supply circuit also opens and completely disconnects 
the circuit and associated transformer from the system. 

The substation of Fig. 13(b) provides the same quality 


Fig. 14~-A 1500 kva open structure substation and a 3000 kva unit substation on a power system in the midwest. High voltage 
—13.2 kv; low voltage—4160 volts. 
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of service as the station just described, however, both 
transformers remain in service when a supply-circuit fault 
occurs. To accomplish this a high-voltage bus and three 
high-voltage breakers, all of which are normally closed, 
are required, In addition to maintaining both transtorm- 
ers in service when a supply circuit fault occurs, this sub- 
station differs from the station of Fig. 13(a) in that the 
two supply circuits are tied together through the high-~ 
voltage sectionalizing breaker with negligible impedance 
between them instead of being connected through the im- 
pedance of the two substation transformers in series. 
Such a tie with low impedance is necessary where the two 
supply circuits are parts of a subtransmission loop, ring, 
or grid, The two high-voltage transformer breakers are 
equipped with directional-overcurrent relays to trip in the 
event of a supply circuit fault. Overcurrent relays, with a 
longer time setting, or differential relays are used to trip 
these breakers on a transformer or high-voltage bus fault. 
The high-voltage bus-sectionalizing breaker is also con- 
trolled by overcurrent or differential relays to trip only 
when a transformer or high-voltage bus fault occurs. The 
low-voltage transformer breakers are relayed either sim- 
ilar to those of the station of Fig. 13(a) or with overcurrent 
and differential relays. The relay coordination in this sub- 
station, however, is such that each of these breakers trips 
only on low-voltage bus faults and on faults in its asso- 
ciated transformer and high-voltage bus section. Upon 
the occurrence of a supply-circuit fault the circuit is dis- 
connected from the substation by the opening of the asso- 
ciated high-voltage transformer breaker. The station load 
is then carried over the good supply circuit and through 
both transformers. A transformer fault is cleared by the 
high-voltage bus-sectionalizing breaker and its associated 
high- and low-voltage transformer breakers. This leaves 
the substation load supplied through the good transformer 
and over its associated supply circuit only, 

It may be objectionable to have a subtransmission loop, 
ring, or grid open on a substation transformer fault as 
would occur with the station of Fig. 13(b). This can be 
prevented by using four high-voltage breakers as shown in 
Fig. 18(c). The two subtransmission breakers at the sub- 
station are relayed to trip by means of directional-over- 
current and overcurrent or differential relays to protect 
against supply circuit and high-voltage bus faults, respec- 
tively. Each transformer may have its associated breakers 
controlled by differential relays to protect against trans- 
former failures. The low-voltage transformer breakers are 
equipped with overcurrent relays to protect against low- 
voltage bus faults. A supply circuit fault is cleared from 
the station by the associated subtransmission breaker at 
the substation. When a transformer fault occurs its high- 
and low-voltage breakers open and disconnect the trans- 
former from the system. The substation load is then fed 
over both supply circuits and through the good trans- 
former. 

In all of the distribution substations discussed a low- 
voltage bus fault interrupts service to all or a part of the 
substation load for a relatively long time until repairs can 
be made or the primary feeders can be temporarily con- 
nected to a portable substation. This is also true of a 
high-voltage bus fault in most stations. The likelihood of 
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such faults in a modern unit substation is remote, and jg 
small substations of 3000 kva or less are used the conse. 
quences of these bus faults are minimized. They can be 
further minimized by the design of the distribution gyg. 
tems primary feeder layout, as discussed later. By the 
term modern unit substation is meant a complete substa.- 
tion factory built and tested. Such a substation usually 
consists of one or more three-phase transformers equipped 
with automatic tap-changing-under-load, the necessary 
high-voltage disconnecting switches or breakers, and the 
low-voltage breakers and bus work. The switchgear sec. 
tion or sections, containing all necessary disconnecting 
switches, buses, circuit breaker, relays, and auxiliaries, are 
completely metal enclosed and mount on or bolt directly 
to the associated transformer or transformers. This gives 
a completely metal-enclosed weatherproof substation con- 
sisting of one or more sections that can be readily handled 
as a unit or in sections and bolted together on the site. 
Provision is usually made for bringing the subtransmission 
and primary-feeder circuits into the unit or units under- 
ground so as to avoid all overhead structures and conges- 
tion of overhead circuits near the station. If desired the 
smaller unit stations, instead of being installed outdoors, 
can be constructed for subway service and installed in 
vaults or manholes underground. Such construction is 
usually very expensive but at times can be justified be- 
cause of the difficulty of obtaining a site for the substation 
in the neighborhood where it should be located. In certain 
locations it is necessary to enclose the unit substation 
within an ornamental wall or building, which may have 
the appearance of a private residence. In such installa- 
tions a standard outdoor unit substation can be used, or 
if it is located in a building the switchgear can be of unit 
indoor cubicle construction with the transformer or trans- 
formers bolted directly to it. 

In building service reliability into a substation, and par- 
ticularly into a relatively small station where the magni- 
tude of the outage is not too great, it should be remem- 
bered that regardless of how much reliability is built into 
the substation a fault on a primary feeder energized from 
the station bus will interrupt an appreciable amount of 
load. Another thing to remember when selecting the type 
of distribution substation for a particular job is that the 
probability of a fault in a subtransmission circuit is much 
greater than in a substation transformer. Also if the sub- 
station is small the amount of load that may be affected 
by the subtransmission-circuit fault is much greater. Be- 
cause of these facts a few of the types of distribution sub- 
stations already discussed will take care of the majority of 
distribution requirements where relatively small substa- 
tions are economical. In general small distribution sub- 
stations promote system flexibility. System studies indi- 
cate that such substations usually offer economic advan- 
tages when considering the distribution system as a whole. 

Sometimes, however, in congested areas with high load 
densities relatively large substations.of about 10 000 kva 
or larger are economical. Because of the magnitude an 
the importance of the load involved a high degree of reli- 
ability is often built into these stations. These large sU 
stations may be similar to some of the types previously 
discussed, particularly those of Figs. 12 and 13, In vieW 
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of the seriousness of a bus fault in such a large substation 
it is sometimes desirable to use some type of double-bus 
substation. One such station is shown in Fig. 15. This 
station is similar in layout and operation to the substation 
of Fig. 13(c), except for the double-bus feature. 

Normally the station is operated with all double-throw 
disconnecting switches or selector switches in the positions 
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Fig. 15— Distribution substation with high- and low-voltage 
double bus to permit isolating bus faults. 


shown, so that all circuits and transformers are connected 
to the two main buses. Differential relays associated with 
the breakers in the subtransmission circuits at the substa- 
tion and the high-voltage transformer breakers trip all of 
these breakers when a high-voltage main-bus fault occurs 
thus dropping the entire station load. Service can be re- 
stored quickly to all loads, however, by closing all high- 
voltage selector switches to their auxiliary-bus positions 
and then reclosing the high-voltage transformer and sup- 
ply-circuit breakers. This leaves the station with all 
breakers in service and complete protection while the de- 
fective bus is being repaired. Similarly a fault on the low- 
voltage main bus is cleared by its differential relays trip- 
ping all low-voltage transformer breakers and primary- 
feeder breakers. The primary-feeder breakers need not be 
opened if there is no possibility of a back feed over any 
primary feeder. However, they are usually tripped as a 
matter of safety. Such a bus fault completely interrupts 
service to the substation load, but this load can be picked 
up in a short time by closing all low-voltage selector 
switches to their auxiliary-bus positions and reclosing the 
low-voltage transformer breakers and the primary-feeder 
breakers. A normally closed bus-tie breaker can be used 
between the two low-voltage buses with half the primary 
feeders ordinarily connected to each bus. This reduces the 
amount of load dropped when a low-voltage bus fault 
occurs by about one half, but it complicates the low- 
voltage bus relaying. 

While bus regulation in the form of automatic tap- 
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changing-under-load on the substation transformer or 
transformers is often satisfactory for small substations, 
individual feeder regulators are usually required on some 
or all of the primary feeders in the larger substations as 
shown in Fig. 15. These regulators may replace automatic 
tap-changing-under-load on the substation transformers. 
At times, however, it is economical to use the individual 
feeder regulators only on the feeders where needed to sup- 
plement bus regulation. 

In a large distribution substation similar to that of Fig. 
15, or a less elaborate large substation laid out similar to 
one of the stations of Fig. 13, the short-circuit current 
which the primary feeder breakers must interrupt becomes 
very large. Also as the capacity of such a station increases, 
the short circuit duty on the primary feeder breakers in- 
creases. As the station grows this duty may exceed the 
interrupting rating of the original feeder breakers. This 
high short-circuit duty on the primary-feeder breakers 
means relatively expensive feeder breakers. 

A substation which provides substantially the same 
quality of service and with much lower short-circuit duty 
on the primary-feeder breakers is shown in Fig. 16. Also 
the station capacity can be increased indefinitely without 
increasing the maximum short-circuit current the primary- 
feeder breakers must interrupt. The marked reduction in 
short-circuit duty on the primary-feeder breakers follows 
because each transformer and primary feeder is operated 
as a unit with all selector switches normally in the posi- 
tions shown. Since the transformers are not paralleled on 
their low-voltage sides the short-circuit current which each 
primary-feeder breaker can be called upon to interrupt is 
limited by the impedance of its associated transformer. 
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Fig. 16—Distribution substation with high-voltage double bus 

and low-voltage auxiliary bus and individual transformation 

in each primary feeder resulting in relatively low interrupting 
duty on feeder breakers. 
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Each transformer is relatively small because its capacity 
is equal to that of its associated feeder, which will usually 
be from 1000 to 2000 kva. To prevent a transformer fault 
interrupting service to its associated feeder for a relatively 
long time pending repairs or replacement an auxiliary low- 
voltage bus is provided and arrangements are made so that 
any one primary feeder can be switched from its associated 
transformer to the auxiliary bus. The auxiliary low-volt- 
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age bus is energized through a spare transformer shown on 
the right in Fig. 16. This transformer is ordinarily of the 
same capacity as each of the feeder transformers, because 
such a, station is usually designed on the basis that only one 
primary feeder is connected to the auxiliary low-voltage 
bus at any one time. The saving in low-voltage breaker 
cost may or may not be offset by the increased transformer 
cost. The transformer cost is increased primarily because 
the transformer capacity is made up of a relatively large 
number of small units. Also since the transformers are not 
paralleled on their load sides advantage cannot be taken of 
the diversity between primary feeders to reduce the station 
transformer capacity as is done in a substation such as that 
of Fig. 15. This tendency to require more transformer 
capacity is usually more than offset, however, by the much 
smaller spare transformer capacity required. The rel- 
atively large number of transformers required in such a 
station often would result in excessive high-voltage trans- 
former breaker cost. For this reason high-voltage fuses or 
protective links as shown in Fig. 16 are ordinarily used 
with each small transformer. Except for this substitution 
of fuses for breakers the high-voltage side of this station 
is similar to that of the station in Fig. 15. Individual feed- 
er regulation can be and usually is provided in a station of 
this type by means of automatic tap-changing-under-load 
on each transformer. 

The feature of unit operation of each primary feeder 
with its own relatively small transformer and one similar 
spare transformer for all feeders can be applied to a sub- 
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station having only a single high-voltage bus such as the 
station of Fig. 13(c) as well as to a double high-voltage bus 
station. Such a substation, unlike most large stations, jg 
very flexible in that its capacity can be increased econom. 
ically in relatively small steps and thus kept close at aly 
times to that required to serve its load. 

Primary Feeders—As has already been explained g 
radial type of distribution system usually is not radia} 
from the bulk power source or sources to the low-voltage 
buses of the distribution substations. The primary feederg 
from the substation low-voltage buses to the primaries of 
the distribution transformers, however, are in all casgeg 
radial circuits, and the system is usually radial from the 
substation low voltage buses to the consumers’ services, 
The radial primary feeders are principally responsible for 
the lack of service continuity provided by most radial dig. 
tribution systems. A fault on any one of the radial pri- 
mary-feeder circuits results in an outage to many consum- 
ers. With the radial type of distribution system these 
service interruptions cannot be prevented. The amount of 
load dropped when certain primary-feeder faults occur can 
be decreased, however, and service often can be restored 
promptly to all or a part of the consumers affected. 

A simple form of primary feeder is shown in Fig. 17(a), 
The main primary feeder branches into several subfeedergs 
which in turn divide into a number of primary laterals so 
as to reach all of the distribution transformers in the area 
served by the primary feeder. The main feeder and sub- 
feeders are ordinarily three-phase three- or four-wire cir- 
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Fig. 17—Simple form of radial primary feeder. 


(a) Without subfeeder fuses. 


(b) With subfeeder fuses to reduce the number of 
consumers affected by subfeeder faults. 
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cuits and the primary laterals can be either three-phase or 
single-phase circuits. Most primary laterals are usually 
single-phase circuits. The distribution transformers are 
connected to the various parts of the primary feeder 
through primary fuses or fused cutouts. These transform- 
ers are both three-phase banks and single-phase; however, 
the great majority of them are ordinarily single-phase. 

When a fault occurs anywhere on the primary feeder 
of Fig. 17 (a) the primary-feeder breaker at the substation 
trips and deenergizes all loads connected to the feeder. 
Where the feeder is of overhead open-wire construction 
the fault may be temporary, such as an insulator flashover 
or an arc between conductors which clears itself when the 
primary-feeder breaker trips. In such cases when the 
feeder breaker is reclosed it remains closed. To restore 
service quickly when primary-feeder breakers trip on 
temporary faults these breakers, on overhead open-wire 
feeders, are usually equipped with automatic reclosing 
relays. The reclosing relaying ordinarily provides for two 
or three reclosures at intervals of several seconds. If the 
fault has not cleared itself after the second or third re- 
closure tt is in nearly all cases of a permanent nature and 
the breaker trips a third or fourth time and is locked open. 
Most temporary faults will clear themselves upon the first 
opening of the primary-feeder breaker, and to restore 
service as quickly as possible in these cases the first re- 
closure is often made without any time delay. Experience 
indicates that in many cases 80 per cent or more of the 
faults on open-wire primary feeders are temporary. This 
means in the majority of cases service can be quickly 
restored when faults occur on such feeders by making the 
primary-feeder breakers automatic reclosing. If the fault 
on the primary feeder of Fig. 17 (a) is permanent, all of 
the feeder load is without service until the fault can be 
located and repairs made. On an overhead open-wire cir- 
cuit that does not cover too large an area and contain too 
many miles of circuit the fault can usually be located and 
repaired in a few hours. 

If the conductors of the primary feeder of Fig. 17 (a) 
are cables most faults on the feeder will be permanent. 
Because of this an automatic-reclosing feeder breaker is 
rarely used on a cable feeder. The likelihood of faults on 
such a feeder are much less than on an overhead open- 
wire feeder; however, the time required to locate and 
repair a cable-feeder fault will be much greater. This 
means there will be fewer outages on such a feeder than 
on an open-wire feeder but all customers will be without 
service for a much longer time when a fault occurs. It 
will often require a half day or more to locate and repair 
such a fault. To reduce the number of consumers affected 
by many of these long service interruptions the primary 
feeder and its branches or subfeeders are often fused as 
shown in Fig. 17 (b). When a fault occurs on a primary 
lateral or subfeeder the associated subfeeder fuse blows 
and disconnects the faulty section from the remainder of 
the primary feeder. This confines the outage to only a 
Portion of the feeder load and may decrease the duration 
of the outage somewhat because less time may be required 
to locate the fault. 

In applying feeder and branch or subfeeder fuses care 
must be taken that they are properly coordinated with 
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the primary-feeder breaker, the distribution transformer 
fuses, and with each other so that the first fuse on the 
supply side of the fault and only that fuse will blow. This 
means that on any current flowing to a fault the fuse 
adjacent to the fault must blow before any other fuse that 
carries the fault current will be damaged. For any possible 
value of fault current all fuses must have a blowing time 
less than the tripping time of the primary-feeder breaker. 
Where the percentage of permanent faults is large, as in 
the case of cable feeders, sectionalizing the feeder with 
fuses will improve the quality of service rendered. On 
feeders where most faults are temporary and where auto- 
matic-reclosing breakers are used, such as overhead open- 
wire feeders, the use of feeder-sectionalizing fuses is ques- 
tionable. This is because many fuse blowings will oecur 
on temporary faults and cause an outage to a portion of 
the feeder load until a complaint is received and the fuse 
can be replaced. If sectionalizing fuses are not used the 
entire feeder load will be dropped on these temporary 
faults, but service will be restored to all loads in a few 
seconds by the reclosing of the feeder breaker. 

The objection to fusing these overhead feeders can be 
overcome, at least to a considerable extent, by using two- 
or three-shot repeater fuses. When repeater fuses are used 
they must be closely supervised, otherwise they may be 
left in operation with only one fuse unblown. Then when 
another temporary fault occurs in the section an outage 
to the load fed from that section will occur until the fuse 
is replaced just as when using single fuses. 

Perhaps a better method of overcoming the difficulty 
of having sectionalizing fuses blow on temporary faults is 
to use single fuses and relay the primary-feeder breaker 
so that it trips substantially instantly on all feeder faults. 
Thus when a fault occurs anywhere on the feeder the 
feeder breaker trips before any sectionalizing fuse has time 
to blow. This first tripping of the breaker modifies its 
relay control so that its second and subsequent trippings 
take place in the usual way only after some time delay. 
When the breaker recloses the first time it remains closed 
if the fault has cleared itself, and if not, fault current flows 
long enough to blow the fuse adjacent to the fault on the 
supply side. Thus no fuse blowings occur on most tem- 
porary faults because they clear themselves on the first 
deenergization of the feeder. 

Permanent faults and the few temporary faults that do 
not clear themselves when the feeder is deenergized the 
first time are cleared by the sectionalizing fuses, and serv- 
ice can be restored to the affected section or sections of 
the feeder only after repairs, if any, are made and the fuses 
are replaced. This entire discussion of primary feeder 
sectionalizing has been on the basis of using sectionalizing 
fuses. Fuses are the most generally used sectionalizing 
devices because of their relatively low cost. At times, 
however, circuit breakers, usually reclosing breakers, are 
used for this purpose. 

The effectiveness of sectionalizing fuses in reducing the 
extent of the outage when a primary-feeder fault of a 
permanent nature occurs depends upon the location of 
the fault. The fault may be so located that two or more 
sections of the feeder or the entire feeder will be de- 
energized until the fault is located and repairs are made. 
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To restore service quickly to unfaulted sections of a feeder, 
which are deenergized along with the faulty section, pro- 
visions are sometimes made to permit temporarily switch- 
ing such sections over to an adjacent primary feeder or 
feeders. One method of doing this is shown in Fig. 18. 
Sectionalizing switches are used in conjunction with the 
sectionalizing fuses shown in Fig. 17 (b), or the fuses can 
be omitted as in Fig. [7 (a) and only the switches used at 
the feeder sectionalizing points. By the use of these sec- 
tionalizing switches and the four tie switches shown all of 
the good sections of the central primary feed can be sup- 
plied over the two adjacent feeders, and the faulty section 
of the central feeder can be completely isolated for repairs. 

The sectionalizing and tie switches can be of the dis- 
connecting type. If they are care should be taken not to 
interrupt load current with them. When the feeder, or a 
portion of it, is deenergized as the result of a fault the 
faulty section is first determmed. The deenergized sec- 
tions are then disconnected from each other by opening 
their associated sectionalizing switches. The good sections 
are reenergized from the adjacent feeders by closing the 
tie switches. After the fault is repaired the faulty section 
is reenergized by closing the feeder breaker or replacing 
the blown fuse and closing its associated sectionalizing 
switch, depending upon the location of the fault. Then 
all open sectionalizing switches should be closed and the 
tie switches opened after this is done. By following this 
procedure no switches are required to open load current. 
However, the tie switches are required to open parallel 
paths over which current flows. 
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This procedure for switching loads Belveeti feeders hag 
the advantage of not interrupting service to the loads on 
the good feeder sections when they are reconnected tg 
their normal feeder. At the time of reconnection, the 
feeders between which the loads are being switched are 
paralleled for a short time. This is usually not objection. 
able, however, should a fault occur on either feeder at the 
time they are paralleled both feeders will be deenergizeg 
if sectionalizing fuses are not used, and a section of the 
unfaulted feeder will probably be deenergized even if fuses 
are used. If it is felt that this short-time paralleling of 
feeders is objectionable the tie switches must be capable 
of breaking load current. 

To avoid paralleling the feeders when reconnecting good 
feeder sections to their normal circuit their associated tie 
switches must be opened and their loads deenergized be- 
fore their sectionalizing switches are closed. Regardlesg 
of which switching procedure is used, it is safer to employ 
load-break switches for both sectionalizing and tie switches 
to eliminate the danger of opening a switch by mistake 
when load current is flowing through it. If primary feeders 
are arranged so that their loads can be switched from one 
feeder to another under emergency conditions, sufficient 
spare capacity must be built into each feeder so that it 
can carry any load which can be connected to it. When 
a feeder is carrying all or a part of the load of a defective 
feeder it is usually advisable for economic reason to allow 
somewhat greater voltage drop over it than is satisfactory 
under normal operating conditions. 

Many interrelated factors affect the choice of rating for 
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Fig. 18—Simple form of radial primary feeder with tie and sectionalizing switches to provide for quick restoration of service 
to consumers on unfaulted feeder sections. - 
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a primary feeder. Some of the more important factors are 
the nature, density, and rate of growth of the load; the 
necessity for providing spare capacity for emergency oper- 
ation; the type and cost of the circuit construction which 
must be used; the design and capacity of the associated 
substation; the type of regulating equipment necessary; 
and the quality of service required. Some kinds of loads, 
such as welders and are furnaces, may have to be segre- 
gated to a separate feeder or feeders to prevent their 
adversely affecting other loads. The amount of such load 
in the area and the voltage requirements at the load in- 
fluence the rating of the feeder or feeders. The rate of load 
growth and the provision for emergency operation affect 
the amount of spare capacity a feeder should have. In 
areas Of heavy load density it will usually be economical 
to use larger capacity feeders than in the lighter load 
density areas. The feeders are shorter, the circuits are 
usually of expensive underground cable construction with 
low reactance per unit length, and the size and design of 
the substations are often such that higher interrupting 
capacity and consequently more expensive feeder breakers 
are required. The nature and density of the load together 
with the substation size also influence the type of regulat- 
ing equipment selected. If individual feeder regulators are 
necessary larger feeders are usually chosen, for economic 
reasons, than when bus regulation is satisfactory. Rela- 
tively small substations, usually found in medium and light 
load density areas, are ordinarily accompanied by smaller 
feeders because of the lower cost of feeder breakers, the 
absence of individual feeder regulators, and the lower cost 
and higher reactance per unit length of circuit. The quality 
of service, in addition to some of the other factors men- 
tioned, will help determine the permissible feeder voltage 
difference between the first and last transformers on the 
feeder, or between the first and last transformers on the 
group of feeders from a substation if bus regulation is used. 
The amount of load that should be dependent on any one 
primary feeder and interrupted when a feeder fault occurs 
is influenced primarily by the necessary quality of service. 
The various interrelated factors mentioned and others that 
affect the proper rating for a primary feeder, can in general 
be boiled down to two major factors, namely cost and 
quality of service. Cost considerations most often dictate 
the use of a relatively large feeder, and a high quality of 
service calls for a small feeder. After all factors have been 
carefully weighed to determine the economics and service 
requirements the feeder capacity should be made as small 
as can be economically justified. Primary feeders ordi- 
Narily vary in rating from about 500 to 2500 kva with 
most ranging between 750 and 1500 kva. 

The permissible voltage drop in a primary feeder is an 
important factor in its design. When a voltage regulator 
ls used on the feeder the voltage at the primary of the 
distribution transformer nearest the substation low-voltage 
bus is maintained constant within about plus or minus one 
Per cent, or if overcompensation is used this voltage is 
increased somewhat as the flow of load current over the 
eeder increases. In order to provide satisfactory voltage 
Conditions at all consumers the voltage maintained at the 
above mentioned point must be such that at times of 
Minimum load no consumer receives a higher than satis- 
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factory voltage. Also at times of maximum load the volt- 
age drop from this point on the primary feeder to the 
consumers meter where the lowest voltage occurs must be 
such that this lowest voltage is not too low to be satis- 
factory. This total voltage drop should be divided among 
the primary feeder, the distribution transformer, the sec- 
ondary circuit, and service so as to obtain the lowest over- 
all cost for these portions of the distribution system. The 
permissible voltage drop on the primary feeder between 
the first and last distribution transformers is usually about 
2 per cent or less at the time of peak load. This figure will 
of course be affected somewhat by the type of primary 
and secondary construction used and by the permissible 
load voltage variation. If the voltage at the first trans- 
former on the primary feeder can be boosted by means of 
over-compensation as the load on the feeder increases the 
permissible voltage drop is increased somewhat. The 
amount of overcompensation or boost in voltage permis- 
sible during maximum load without overvoltage at. some 
consumers during light loads depends upon the uniformity 
of the loading of the distribution transformers. The more 
uniform the load on these transformers the more the over- 
compensation that can safely be used. When a primary 
feeder is loaded to the point where the permissible volt- 
age drop has been reached further load can be added, if 
the current carrying capacity of the feeder has not been 
reached, by installing a voltage booster or another feeder 
regulator in the feeder just on the supply side of the point 
where the voltage drop becomes excessive when the addi- 
tional load is being carried. The consideration of feeder 
voltage drop when the feeder is supplied from a bus regu- 
lated substation is similar to that just described, except 
that all primary feeders connected to the station bus must 
be considered as a unit. The allowable voltage drop on 
any feeder of the group is determined by the voltage differ- 
ence between the high- and low-voltage points on the 
group of feeders, where distribution transformers are con- 
nected, which will just give satisfactory voltage at all 
consumers at the time of peak load. 

The trend in the power-factor of loads in residential 
areas has been downward for some years. This is largely 
because of the increasing use of motored appliances. The 
lower power-factor loads on the parts of distribution sys- 
tems serving these areas has aggravated the voltage regu- 
lation problem. Shunt capacitors are used frequently to 
improve voltage conditions on distribution systems. This 
improves the power-factor and thus reduces the voltage 
drops and currents in the parts of a distribution system 
between the capacitors and the bulk-power sources. To 
get the maximum advantage from shunt capacitors they 
should be connected to the system as near the loads as 
possible. For economic reasons they are usually connected 
to the primary feeders through primary fuses or fused 
cutouts. Whether the capacitors are connected to the 
feeder proper or to its subfeeders or laterals depends upon 
the load and voltage conditions on the feeder. When ap- 
plying capacitors their ratings should be such that objec- 
tionable overvoltages do not occur, at light load periods, 
because of the voltage rise produced by the capacitor 
currents. To get the desired results from capacitors in 
certain installations it is necessary to connect them to the 
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system through breakers and arrange to automatically 
disconnect all or part of them at times of light load. 
Series capacitors are also used on distribution feeders to 
improve voltage conditions. However, they do not reduce 
the currents in the system and thus permit a saving in 
system capacity as do shunt capacitors. The usual appli- 
cation of series capacitors is in relatively high reactance 
circuits, supplying fluctuating loads, to reduce abrupt volt- 
age changes. The capacitors are selected so their capaci- 
tive reactance about cancels the inductive reactance of the 
line. They are installed on the supply side of the location 
where the improvement in voltage is desired. 
Distribution Transformers, Secondaries, and 
Service.—The distribution transformers step down from 
the distribution or primary feeder voltage to the utilization 
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Fig. 19—Typical method of connecting distribution trans- 
formers between primary feedersand radial secondary circuits. 


voltage. They are connected to the primary feeder, sub- 
feeders, and laterals through primary fuses or fused cut- 
outs as shown in Fig. 19. The primary fuse disconnects 
its associated distribution transformer from the primary 
feeder when a transformer fault or low-impedance sec- 
ondary-circuit fault occurs. The blowing of the primary 
fuse prevents an interruption of service to other loads 
supplied over the feeder, but interrupts service to all con- 
sumers supplied through its transformer. Fused cutouts 
shown in Fig. 19, which are normally closed, provide a 
convenient means for disconnecting small distribution 
transformers for inspection and maintenance. 

Satisfactory overload protection of a distribution trans- 
former cannot be obtained with a primary fuse, because 
of the difference in the shape of its current-time curve and 
the shape of the safe current-time curve of a distribution 
transformer. The shapes of the two curves are such that 
if a small enough fuse is used to provide complete overload 
protection for the transformer much valuable transformer 
overload capacity is lost, because the fuse blows and pre- 
vents its being used. Such a small fuse also frequently 
blows unnecessarily on surge currents. Because of this a 
primary fuse should be selected on the basis of providing 
short-circuit protection only and its minimum blowing 
current should usually exceed 200 per cent of the full load 
current of its associated transformer. 

Distribution transformers connected to overhead open- 
wire feeders are often subjected to severe lightning dis- 
turbances. To minimize insulation breakdown and trans- 
former failures from lightning, lightning arresters are or- 
dinarily used with these transformers. The protection of 
distribution transformers from lightning is discussed in 
Chapter 14. 

The secondary leads of a distribution transformer are 
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usually solidly connected to radial secondary circuits from 
which the consumers services are tapped as shown in Fig, 
19. This means that no protection is provided the trans- 
former against overloads and high-impedance faults on its 
secondary circuits. Relatively few distribution trans. 
formers are burned out by overloads. This is largely be. 
cause distribution transformers are applied so that full 
advantage is rarely taken of their overload capacity, 
Another factor contributing to the small number of dis- 
tribution transformer failures by overloads is the frequent 
load checks often made and the corrective measures taken 
before dangerous overloads occur. Probably high imped- 
ance faults on their secondary circuits cause more distribu- 
tion transformer failures than do overloads. This is cer- 
tainly true in localities where bad tree conditions exist. 

Fuses in the secondary leads of distribution transformers 
are little if any more effective in preventing transformer 
burnouts than are primary fuses and for the same reasons. 
The proper way to obtain satisfactory protection for a 
distribution transformer against overloads and high-im- 
pedance faults is by means of a breaker in the secondary 
leads of the transformer. The tripping curve of this 
breaker must be properly coordinated with safe current- 
time curve of the transformer. The primary fuse must be 
coordinated with the secondary breaker so that the breaker 
trips on any current that can pass through it before the 
fuse is damaged. Faults on a consumer’s service connection 
from the secondary circuit to the service switch are so rare 
that the use of a secondary fuse, where the service con- 
nection taps onto the secondary circuit, cannot be eco- 
nomically justified except in unusual cases such as large 
services from underground secondaries. 

As has been previously pointed out the allowable voltage 
drop from the point where the first distribution trans- 
former connects to the primary feeder to the service switch 
of the last consumer supplied over the feeder should be 
economically divided among the primary feeder, the dis- 
tribution transformer, the secondary circuit, and the con- 
sumer’s service connection. Assuming a maximum voltage 
variation of about 10 per cent at any consumer’s service 
switch the division of this drop among the various parts 
of the system, at times of full load, may be about 2 per 
cent in the primary feeder between the first and last trans- 
formers, 2.5 per cent in the distribution transformer, 3 per 
cent in the secondary circuit, and 0.5 per cent in the con- 
sumer’s service connection. The fact that the voltage at 
the primary of the first distribution transformer cannot 
ordinarily be maintained exactly accounts for the other 
2 per cent. While these figures are typical for overhead 
systems supplying residential loads, they can be expected 
to differ considerably on underground systems where cable 
circuits and large distribution transfoymers are used or 
where industrial and commercial loads are supplied. The 
economic size of distribution transformer and secondary- 
circuit combination for any uniform load density and type 
of construction at any particular market prices can readily 
be determined once the total allowable voltage drop in 
these two parts of the system is determined. If the trans- 
former is too large the secondary circuit cost and total 
cost is excessive, and if the transformer is too small the 
transformer cost and total cost is too large. 
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Fig. 20—Pole mounted, 5 kva, single phase, 60 cycle distribu- 
tion transformer with single cover mounted high-voltage 
bushing— High voltage—7200 voits; low voltage—120/240 volts. 


As in any other part of the distribution system, load 
change or load growth must be considered and provided 
for in the distribution transformers and secondary circuits. 
Also, as with other parts of the distribution system the 
distribution transformers and secondary circuits are not 
installed to serve only the loads existing at the time of 
their installation but some future loads ag well. It is not 
economical to make too much allowance for growth, how- 
ever. When a distribution transformer becomes danger- 
ously overloaded it can be replaced by one of the next 
larger size if the current-carrying capacity of the secondary 
circuit and the overall voltage regulation permit. If not, 
another transformer of about the same size can be installed 
between the overloaded transformer and the one adjacent 
to it. When this is done load is removed from the over- 
loaded transformer by connecting a part of its secondary 
circuit and associated load to the new transformer. This 
also reduces the load on the secondary circuit of the over- 
loaded transformer and improves the overall voltage regu- 
lation. If the load in the area is reasonably uniform trans- 
formers may have to be installed on both sides of the 
overloaded transformer in a relatively short time to main- 
tain satisfactory voltage conditions and prevent over- 
loading a part of the secondary circuit. The same result 
can be obtained, however, by installing one new trans- 
former and moving the overloaded transformer so that 
it feeds into the center of its shortened secondary circuit. 
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With the distribution transformers and secondary cir- 
cuits arranged as shown in Fig. 19 any one load is supplied 
through only one transformer and in only one direction 
over the secondary circuit. Because of this a suddenly 
applied load, such as the starting of a motor, on a con- 
sumer’s service can cause objectionable light flicker on 
other consumers’ services fed from the same transformer. 
The increasing use in residential areas of motor-driven 
appliances, such as washers, refrigerators, forced-air heat- 
ing systems, and air-conditioning equipment, is resulting 
in a considerable number of light-flicker complaints. In 
some areas light flicker and not voltage regulation may 
be the determining factor in the size and arrangement of 
transformers and secondary circuits. The banking of dis- 
tribution transformers is usually the best and most eco- 
nomical means of improving or eliminating light flicker. 

The term banking transformers means paralleling on the 
secondary side a number of transformers all of which are 
connected to the same primary circuit as shown in Fig. 21. 
The secondary circuit arrangement in a banked trans- 
former layout can take the form shown in Fig. 21, or it 
may be a loop or grid similar to that used in a secondary 
network system. Because of this similarity in secondary- 
circuit arrangements a banked-transformer layout is some- 
times incorrectly referred to as a secondary network sys- 
tem. Banked transformers, because they are connected 
to and supplied over a single radial-primary feeder, are a 
form of radial distribution system; whereas a secondary 
network loop or grid is supplied over two or more primary 
feeders which results in much greater service reliability. 

Banking of distribution transformers is not new and has 
been used on a number of systems for many years. The 
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Fig. 21—Typical methods of banking transformers supplied 
by the same radial primary feeder. 


conversion from the usual radial secondary circuit arrange- 
ment of Fig. 19 to the banked-transformer arrangement 
of Fig. 21 can usually be made simply and cheaply by 
closing the gaps between the radial secondaries of a number 
of the transformers associated with the same primary 
feeder and installing the proper primary and secondary 
fuses. 


684 


Two major forms of protection have been used when 
banking distribution transformers. The arrangement 
shown in Fig. 21 (a) is probably the oldest and most 
common. The distribution transformers are connected to 
their primary feeder through primary fuses or fused cut- 
outs. These fuses should blow only on a fault in their 
associated transformer. All transformers are connected to 
the common secondary circuit through secondary fuses. 
The purpose of these fuses is to disconnect a faulty trans- 
former from the secondary circuit. The size of the second- 
ary fuse must be such that it will blow on a primary fault 
between its transformer and the associated primary fuse. 
Faults on the secondary circuit are normally expected to 
burn themselves clear. To prevent frequent blowing of 
secondary fuses on secondary-circuit faults these fuses 
should have relatively long blowing times on all fault cur- 
rents. Their blowing times should not be so long, however, 
as not to provide some degree of protection to their trans- 
formers against secondary faults that do not burn clear 
or require an unusually long time to do so. As previously 
stated secondary fuses cannot be expected to protect trans- 
formers satisfactorily against overloads and high-imped- 
ance secondary faults. The use of a secondary breaker 
having the proper current-time characteristics is preferable 
to secondary fuses when banking transformers as shown 
in Fig. 21 (a) because greater protection is afforded the 
transformer against overloads and high-inpedance faults. 
The secondary fuses or breakers should open in less time 
than the primary fuses on any possible current so as to 
prevent the blowing of primary fuses on a secondary fault. 

A transformer fault is cleared by the transformer’s 
primary and secondary fuses without any interruption 
to service. Most secondary faults will clear themselves 
quickly. However, when a secondary fault hangs on for 
a long time or fails to clear altogether several or all of the 
secondary fuses blow and some of the transformers may 
be burned out. Experience indicates that, where a careful 
study of the fault currents to be expected is made and 
the primary and secondary fuses are properly selected, 
this method of banking operates with very little trouble. 
Occasionally a secondary-circuit fault causes the blowing 
of all secondary fuses or the blowing of some secondary 
fuses and the burning out of a few transformers. When 
this happens the extent of the service interruption is much 
greater than when radial secondary circuits are used. 

The banking arrangement shown in Fig. 21 (b) is prefer- 
able to that just described because there is no danger of 
a complete service interruption to the banked area by a 
secondary fault. It should be remembered, however, in 
considering either of these arrangements that the possi- 
bility of a secondary fault is considerably less than that of 
a primary fault and that secondary faults are ordinarily 
infrequent. In this second arrangement the distribution 
transformers are connected to the primary feeder through 
primary fuses just as in the first arrangement and for the 
same reason. The transformers are connected solidly to 
the secondary circuit and the secondary circuit is section- 
alized between transformers by secondary fuses. These 
fuses are selected so that for any secondary-circuit fault 
they will blow quicker than any primary fuse. When a 
transformer fails it is cleared from the system by its 
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primary fuse and the adjacent secondary fuses on each 
side of it. Thus, unlike the previous arrangement, a trang. 
former fault results in a service interruption to those con- 
sumers associated with the faulted transformer. A geg. 
ondary-circuit fault is usually burned clear; however, if the 
fault persists for an unusually long time it is cleared by 
the secondary fuses next to the faulty section and the 
primary fuse associated with the transformer connected 
to the faulty section. The secondary fuses are usually 
selected so that they operate even on a high-impedance 
fault, but the primary fuses are not for the reason preyj- 
ously discussed in connection with the radial-secondary 
circuits. Thus even when a high-impedance fault occurg 
and hangs on, the secondary fuses adjacent to the faulty 
section blow and prevent interrupting service on the good 
secondary sections. The transformer associated with the 
faulty section in this case, however, will be burned out. 
In order to prevent this a secondary breaker whose current- 
time curve is coordinated with the safe current-time curve of 
the transformer can be used in the secondary leads of the 
transformer. When such a breaker is used the secondary 
fuses must be selected so that their blowing times for all 
fault currentsare less than the tripping times of the breakers. 

Normally the two banking arrangements function alike. 
They reduce or eliminate light flicker and improve voltage 
regulation or permit reduction in the amount of trans- 
former capacity necessary as compared with radial-second- 
ary circuits. This improvement in voltage regulation or 
reduction in transformer capacity is the result of tying 
several radial-secondary circuits together and thus taking 
advantage of the diversity among a number of groups of 
consumers. A considerable increase in the use of banked 
transformers can be expected in the future because these 
advantages often can be obtained at no increase in cost 
or & saving over the usual radial secondary-circuit 
arrangement. 


2. The Loop System 


The loop type of distribution system is used most 
frequently to supply bulk loads, such as small industrial 
plants and medium or large commercial buildings, where 
continuity of service is of considerable importance. The 
subtransmission circuits of the loop system should be 
parallel or loop circuits or a subtransmission grid as shown 
in Figs. 5 and 6. These subtransmission circuits should 
supply a distribution substation or substations similar to 
those of Figs. 13, 15, or 16. The reason for this is that as 
much or more reliability should be built into the system 
from the low-voltage bus of the distribution substation 
back to the bulk power source or sources as 1S provided 
by the loop-primary feeders shown in Fig. 22. The use 
in a loop system of a radial-subtransmission circuit oF 
circuits and a distribution substation or substations, which 
may not provide good service continuity, does not give & 
well coordinated system. This is because a fault on 
subtransmission circuit or in a distribution substation 
transformer results in an interruption of service to the 
loads supplied over the more reliable loop-primary feeders. 
The subtransmission circuits and distribution substations 
are often common to both radial- and loop-type distribu- 
tion systems. 
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One of the most common forms of loop-primary feeder 
for supplying bulk industrial and commercial loads is 
shown in Fig. 22 (a). Each end of the loop-primary feeder 
js connected to the distribution substation low-voltage bus 
through a primary-feeder breaker. The feeder is run or 
Jooped through its load area and small industrial or second- 
ary substations are connected to the loop feeder usually 
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(a) (b) 
Fig. 22— Two frequently used forms of the loop primary feeder. 
(a) Two sectionalizing breakers per secondary sub- 
Station to isolate a faulted loop section without 
interrupting service to any load. 
(b) One sectionalizing breaker per secondary substa- 
tion for use where interrupting one load when a 
loop section fault occurs can be tolerated. 


through circuit breakers or fuses in the primary leads of 
the substation transformers as shown. These transformers, 
which step down from the distribution to the utilization 
voltage, are ordinarily relatively large distribution trans- 
formers. Because these secondary substations are usually 
considerably smaller than a distribution substation only 
one three-phase or one bank of single-phase transformers 
is used ordinarily as shown in Figs. 12 (a) and (b). In 
these secondary substations the low-voltage feeders are 
operated at a utilization voltage of 600 volts or below and 
they are commonly controlled by air circuit breakers. 
These secondary feeders are usually radial ¢ircuits that 
run directly to large motors, to power panels, and to 
lighting panels or small lighting transformers. 

The loop-primary feeder is sectionalized by a circuit 
breaker on each side of the points where secondary sub- 
Stations are connected to it. The two primary-feeder 
breakers and the sectionalizing breakers associated with 
the loop feeder are ordinarily controlled by directional- 
overcurrent relays or by pilot-wire relays. Pilot-wire relay- 
Ing is used where the number of secondary substations 
Connected to the loop is such that selective timing cannot 
be obtained with directional-overcurrent relays. 

With this loop primary feeder arrangement a fault on 
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any section of the loop is cleared by the circuit, breakers 
at the two ends of the faulty section and service is not 
interrupted to any secondary substation. As a feeder fault 
can occur in one of the sections adjacent to the distribution 
substation bus the entire feeder load may have to be fed 
in one direction over either end section of the feeder until 
repairs are made. Sufficient spare capacity must be built 
into the loop feeder to permit operating with either end 
section out of service without excessive voltage drop or 
overheating of the feeder. A fault in a secondary sub- 
station transformer is cleared by the circuit breaker or fuse 
in its primary leads and the loop feeder remains intact. If 
no transformer primary breaker or fuse is used such a 
transformer fault must be cleared by tripping the two 
sectionalizing breakers adjacent to the faulty transformer. 
In this case the loop is opened and must remain open until 
the defective transformer is disconnected from the loop. 

Obviously a transformer fault in a single-transformer 
secondary substation results in an interruption of service 
to all loads fed from the station. Such a fault is much 
less likely than a primary-feeder fault. In some cases the 
resulting service interruption may be serious enough, how- 
ever, to justify a more elaborate form of secondary sub- 
station, such as those shown in Figs. 13 (b) and (c). A 
fault on one of the radial secondary feeders from a second- 
ary substation is cleared by the tripping of the air circuit 
breaker associated with the faulty feeder. This interrupts 
service to those loads connected to that feeder until the 
fault can be located and repaired. 

The investment in sectionalizing breakers and relaying 
may make a loop system employing primary feeders similar 
to that of Fig. 22 (a) more expensive than the necessary 
quality of service justifies. If an outage to a secondary 
substation can be tolerated when a primary-feeder fault 
occurs a loop-feeder arrangement can be used as shown 
in Fig. 22 (b). Here only one sectionalizing breaker is used 
with each secondary substation thus reducing the number 
of these breakers to half of the number used in Fig. 22 (a). 
The sectionalizing breakers are relayed as discussed in 
connection with Fig. 22 (a). When a primary feeder fault 
occurs the two breakers at the ends of the faulty section 
open as in the previous arrangement. In this case, how- 
ever, the secondary substation associated with the faulty 
section is deenergized because its transformer is tied di- 
rectly to the feeder section through a disconnecting switch, 
a primary transformer breaker, or a fuse. Service to the 
deenergized substation cannot be restored until the fault 
has been located and repairs have been made. 

There is one exception to the above. A fault in the left 
feeder section just beyond the distribution substation bus 
does not interrupt service to any of the secondary sub- 
stations. The sectionalizing breaker associated with this 
line section and the adjacent secondary substation can be 
omitted, and then this substation is deenergized at the 
time of a fault in this section. Whether omitting this 
breaker appreciably reduces the continuity of service to 
this first substation connected to the loop, when going 
from left to right, depends on whether its associated loop 
section becomes much longer than the other loop sections. 
Except for primary-feeder faults this system functions 
similar to the loop system previously described. 


686 


Sometimes a consumer connected to the loop requires 
more reliable service than the arrangement of Fig. 22 (b) 
provides, Service to this consumer can be improved in 
several ways. Two sectionalizing breakers can be used, 
one on each side of the point where the secondary sub- 
station that serves him is connected to the loop, as shown 
in Fig. 22 (a). Another way is to divide the transformer 
capacity of the secondary substation serving this consumer 
into two units, and connect one of these units or trans- 
formers to the loop feeder on each side of the single sec- 
tionalizing breaker. Each of these transformers should 
have sufficient capacity to supply the entire station load 
and is usually connected to the loop feeder through a cir- 
cuit breaker or fuse. The two transformers are ordinarily 
bused on the secondary side through transformer-second- 
ary breakers. When this arrangement is used a feeder 
fault in either of the two loop sections immediately adja- 
cent to the sectionalizing breaker results in the deenergiza- 
tion of one of the two transformers at the sub-station. 
This is because the sectionalizing breaker at the station, 
the sectionalizing breaker at the far end of the faulty 
section, and the breaker in the secondary leads of the 
transformer connected to the faulty section are tripped. 
When this happens the secondary substation load is fed 
over the good loop section which is adjacent to the open 
sectionalizing breaker at the station, and its associated 
transformer. 
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A third way of improving service is to supply the con- 
sumer through a single-transformer substation arranged 
so that it can be connected to either side of its associated 
sectionalizing breaker by a double-throw switch or two 
interlocked disconnecting switches. Service will then be 
interrupted to the secondary substation when a fault 
occurs in the loop section to which the station is normally 
connected. The station loads can be quickly recnergized 
however, without waiting for repairs, by connecting thé 
substation to the good section of the loop on the other 
side of the open sectionalizing breaker. 

The above discussion of the loop system has been on 
the basis of supplying relatively small bulk loads from 
distribution substations over loop primary feeders. In 
many cases, however, where the bulk loads are relatively 
large the loop is a subtransmission loop supplied directly 
from a bulk power source. In such systems the distribution 
substations and primary feeders are omitted and only one 
voltage transformation is employed in going from sub- 
transmission to utilization voltage. This transformation 
is made at the secondary substations, which are usually 
considerably larger and somewhat more elaborate than 
those employed on 2400 to 4800 volt loop-primary feeders. 
The arrangement of the subtransmission loop and its con- 
trol and protection is in general similar to that discussed 
in connection with the loop-primary feeders of Fig. 22. 

Any form of loop system normally provides a two-way 
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Fig. 23—Common arrangement of loop primary feeder for supplying distributed loads. 
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feed to the distribution transformers or secondary sub- 
stations. In general, the service continuity and voltage 
regulation provided is better than when using a radial 
system. The amount by which the quality of service of 
the loop system exceeds that provided by the radial system 
depends upon the particular forms of the two systems 
being compared. Ordinarily the loop system will be more 
expensive than the radial system. Also it is usually less 
flexible than the radial system particularly in the forms 
used in supplying bulk loads discussed above. This is 
principally because two circuits must be run to each new 
secondary substation location in order to connect the 
station onto the loop. The addition of new substations on 
a loop feeder also often results in relaying complications. 

While the loop system has been discussed from the 
standpoint of supplying bulk industrial and commercial 
loads it is also used to supply distributed loads such as 
residential loads. The chief reasons for supplying such 
loads from a loop system rather than a radial system are 
to improve voltage conditions, to equalize the load on and 
take advantage of the diversity between what would other- 
wise be two radial primary feeders, and to assist in the 
restoration of service to the unfaulted portions of a 
faulted feeder. 

A common arrangement of a loop-primary feeder for 
supplying distributed loads is shown in Fig. 23. The 
similarity between this loop-feeder arrangement and the 
radial-primary feeders of Fig. 18, where emergency ties 
are provided between adjacent feeders, is apparent. 
Fach end of the loop-primary feeder is connected to the 
low-voltage bus of its distribution substation through 
primary-feeder breakers. The main feeder is automati- 
cally sectionalized near its midpoint by a sectionalizing 
breaker controlled by overcurrent relays. Manual sec- 
tionalizing switches are provided at other points in the 
main feeder as shown in order to reduce the area that 
must remain without service, until repairs are made, 
when a fault occurs on the main feeder. Fuses are not 
used in the main-feeder loop. The sectionalizing breaker 
could be replaced with fuses at some sacrifice in the speed 
of restoring service, but not more than one set of fuses 
should be used in the loop because they will not operate 
selectively for feeder faults in various locations. More 
than one automatic sectionalizing breaker could be used 
in the main loop with directional-overcurrent or pilot- 
Wire relaying, as was done in Fig. 22, to reduce the extent 
of the outage when a main feeder fault occurs. The im- 
provement in the quality of service obtained, however, 
is not ordinarily sufficient to justify the additional break- 
ers and the more complicated relaying. The subfeeders 
are provided with primary fuses or fused cutouts as in 
the case of the radial-primary feeders previously dis- 
cussed. When a fault occurs on the main feeder loop the 
sectionalizing breaker opens quickly and splits the loop 
feeder into two radial feeders. The primary-feeder break- 
er associated with the faulty half of the loop feeder then 
opens and disconnects the fault from the system. This 
results in an interruption of service to about half the 
loads normally supplied over the loop-primary feeder. 
Service can be quickly restored to all deenergized loads 
except those connected to the faulty section of the feeder 
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by opening the sectionalizing switch or switches asso- 
ciated with the faulty section and then reclosing one of 
both of the tripped breakers depending upon the location 
of the fault. Faults on the subfeeders and laterals are 
cleared by their associated primary fuses. These fuse 
operations do not interrupt service to any of the feeder 
loads except those beyond the blown fuse on the sub- 
feeder and laterals. As in the case of the loop feeders or 
Fig. 22 this loop-primary feeder should be designed to 
permit its carrying all loads that can be connected to it 
when any section of the loop is out of service. 
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I. DEVELOPMENT OF THE A-C NETWORK 
SYSTEMS 


ARLY in the history of electric power distribution 
KE; systems the d-c network system became the best 
method of serving loads in heavy load density 

areas of cities where a high degree of reliability was re- 
quired. In the d-c network system power was carried at 
ulilization voltage from several substations to points in 
the load area where the power was introduced into an inter- 
connected grid of mains in underground ducts. Individual 
loads were supplied by services tapped off the mains. The 
several paths of supply to the grid and the fact that there 
were normally two or more paths in the grid to any service 
prevented service interruptions except for complete failure 
of power supply. As the load density and total load in- 
creased in d-c network areas the large amount of copper re- 
quired, the cost of substation sites, and large, rotating con- 
version equipment made the cost of the d-c network practi- 
cally prohibitive. The noise of the conversion equipment 
made it difficult to find satisfactory locations for substations. 


1, The Secondary Network 


The characteristics of the network system, particularly 
reliability and the fact that the network took full advan- 
tage of diversity among loads, made that system prefer- 
able if it could be installed economically. The relative 
compactness and the quietness of transformers suggested 
the use of an a-c network system in which several high- 
voltage feeders would be carried into the load area to sup- 
nly transformers feeding into an interconnected grid of 
low-voltage conductors. By 1920 there was considerable 
thought being given to such a system. Some experimental 
installations using fuses for protecting a low-voltage a-c 
network proved to be unsatisfactory because of the operat- 
ing limitations of fuses and possibly because of the lack 
of extremely careful design. This experience showed that 
directional control of power flow was required to prevent a 
fault in a transformer or primary feeder from interrupting 
service from the system. 

In 1922 the first automatic low-voltage a-c network* 
was installed using equipment which was subsequently 
improved by Westinghouse developments”. With low- 
Voltage a-c network transformers and network protectors 
Perfected, the a-c network system equalled the d-c network 
system in reliability’. This high degree of reliability plus 
good voltage regulation, the convenience and comparative- 
ly low cost of alternating-current equipment, and the 
flexibility of the network system for load growth made 
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the a-c low-voltage network the recognized ideal distribu- 
tion system for highest quality of service**, In heavy- 
load areas the network usually was cheaper than any other 
system that attempted to give a high degree of reliability. 
In 1926 seven cities used the network and by 1949 the 
number had grown to 196. 


2. The Primary Network 


The attractive characteristics of the automatic low- 
voltage a-c network suggested the application of the net- 
work principle to the primary-feeders of a distribution 
system. As early as 1926 consideration was given to a 
primary network in which the distribution-system pri- 
mary feeders would form interconnecting ties between 
distribution substations, network relaying would be used 
at the distribution-substation transformer breaker, and 
selective operation of feeder breakers would provide correct 
isolation of primary-feeder faults. 

The development of an overcurrent relay with satis- 
factory inverse-time characteristics and the choice of 
relatively small substations facilitated the first economic 
application of the primary network in the Pittsburgh area 
in 1931710112, For areas of medium load density the pri- 
mary network frequently was the most economical system, 
particularly where overhead construction was used. After 
the first installation in 1931 there was a gradual increase in 
the number of primary network installations; in 1942 twelve 
utilities were operating primary networks and thirteen 
others had installed unit substations with primary-net- 
work relaying so that primary-network operation could be 
initiated simply by completing tie circuits between sub- 
stations. 


Il. THE PRIMARY NETWORK SYSTEM 
3. General Description 


A typical arrangement of a primary network system is 
shown in Fig. 15°. Basically a primary network is a system 
of interconnected primary feeders supplied by two or more 
subtransmission circuits through several distribution sub- 
stations or network units located at the intersection points 
of the interconnected feeders. Usually there are radial 
primary-feeder taps from the tie circuits between the 
primary-network unit substations, and in many cases ra- 
dial primary feeders originate at the substation buses. Dis- 
tribution transformers are connected to the tie circuits, to 
the radial taps off the tie circuits, and to the radial primary 
feeders out of the substations just as in a radial system. 

Two or more subtransmission circuits are taken into the 
primary-network area to supply the several primary-net- 
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Fig. 1—Typical primary-network arrangement using breakers at each end of each tie feeder. 


work substations. Because the distribution feeders are 
interconnected, power is supplied to all distribution trans- 
formers on the primary feeders even though part of the 
subtransmission circuits feeding the network units is out 
of service. Usually it can be assumed that not more than 
one out of any five or six subtransmission circuits supply- 
ing a primary network will be out of operation at any 
time. Therefore, the primary network must be able to 
earry the total load in the network area, when any one 
subtransmission circuit is out of operation, without seri- 
ously overloading any network-unit transformer or any 
tie circuit. This can be accomplished with the least total 
transformer capacity when the subtransmission circuits 
are interlaced so that every transformer connected to a 
supply circuit is surrounded by transformers connected 
to other subtransmission circuits. 

Subtransmission circuits supplying a primary network 
can be simple radial circuits without impairing the relia- 
bility or operation of the network.. This permits simple 
relaying for protecting the subtransmission circuits. Under 
certain conditions the supply for primary-network units 
can be tapped from subtransmission loops or from tie cir- 


. 


cuits between major bulk power substations or between 
generating plants and bulk stations. Primary-network 
units also can be tapped from radial circuits supplying 
other loads such as bulk substations, industrial loads, or 
small radial substations. In practice, the circuits supply- 
ing primary-network units range from 11 to 33 kv de 
pending on the subtransmission voltage in the power 
system where the network is installed. 

The primary-network units or unit substations located 
at the intersections of the tie circuits generally have less 
capacity than the substations used in a radial system; the 
network unit usually has a rated capacity between 10 
and 3000 kva. Frequently the transformers are provide 
with air-blast equipment to increase their capacity for 
emergency operation when part of the network units are 
out of operation or during infrequent short intervals © 
abnormally high peak load. Each small unit is located a8 
near as practicable to the load center of an area comprising 
a total load demand corresponding to the cayfacity of the 
substation. This keeps to a reasonable minimum t 
average length of primary feeder between the distributio - 
substation and the distribution transformers. Thus, the ; 
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power is carried as close as is reasonably possible to the 
joads at subtransmission voltage with consequent mini- 
mum loss and voltage drop in the primary feeders. 

The primary-network unit consists of the transformer to 
reduce subtransmission voltage to primary-feeder voltage 
and the necessary switchgear to protect service from the 
network and to control the distribution feeders. The 
transformer breaker is provided with network and over- 
current relaying so that it not only opens on reversed cur- 
rents to faults in the associated transformer or in the sub- 
transmission circuit supplying that transformer but also 
serves as back up protection for the feeder breakers and 
isolates intersection faults. Furthermore, the network 
relaying functions to close the main breaker when the 
transformer voltage is such that power flows into the pri- 
mary feeders when the breaker is closed. 

There are two general forms of the primary network de- 
pending on the location and number of breakers in the tie 
circuits. The original form uses two breakers in each tie 
circuit, one at each end as shown in Fig. 1. The other form 
uses one breaker, normally near the middle of each tie 
circuit, as shown in Fig. 24%. In the two forms the network 
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transformer and the transformer breaker are fundamen- 
tally the same. In both forms the primary-feeder breakers 
are controlled by overcurrent and reclosing relays. In the 
arrangement shown in Fig. 1 a fault on a primary tie 
feeder is isolated by the breakers at the ends of the faulted 
circuit. In the other form of the system, Fig. 2, a similar 
fault is isolated by the transformer breaker at the end of 
the faulted section of the tie circuit and the breakers in all 
the tie feeders connected to the transformer whose breaker 
opens. The chief advantage of the original form of the 
primary network is that less load is interrupted by a tie 
feeder fault than in the later form using mid-tie breakers. 
In a case where four tie circuits are connected to each unit 
a tie-circuit fault in the original form interrupts only half 
as much load as does a similar fault in the other form. 
However, the system using mid-tie breakers uses only half 
as many tie breakers as does the original form. 


4. Operation of Network with Two Breakers Per Tie 


The operation of the primary network with two break- 
ers in each tie circuit is described best by reference to Fig. 
1. Under normal conditions all network units are in serv- 
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Fig. 2—Typical primary-network arrangement using one breaker at the middle of each tie feeder. 
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ice and the load is divided among the various units. Under 
fault conditions the faulted element of the system is iso- 
lated without interrupting service from the rest of the 
network. 

Supply-Line Faults are isolated by the breaker at the 
supply end of the subtransmission circuit and the trans- 
former breakers in the network units connected to the 
faulted circuit. For example, the subtransmission-line 
fault at A, Fig. 1, is isolated automatically by opening the 
circuit breaker at the supply end of the faulted circuit and 
transformer breaker a. In an extensive network system 
a subtransmission circuit may supply several network units 
and the transformer breakers in all these units open to 
isolate a fault on the supply circuit. The transformer 
breaker a, Fig. 1, opens on reversed current through the 
transformer from the network to the supply circuit. If a 
subsequent reclosure of the supply-circuit breaker re- 
energizes the subtransmission line, transformer breaker a 
recloses because of the overvoltage-reclosing function of 
the network relays, provided the voltage on the reenergized 
subtransmission line is correct with respect to the network 
voltage. A network-transformer fault is isolated in the 
same way as a subtransmission-line fault. The faulted 
transformer can be disconnected from the subtransmission 
circuit by means of the switch on the high-voltage side of 
the transformer, and the subtransmission line can be re- 
energized to supply other loads connected to it. 

Tie-Feeder Faults—-The operation of the network 
system on tie-circuit faults is illustrated by fault B, Fig. 1, 
which is isolated by breakers b and c opening on over- 
current. These breakers open before breakers in other 
tie circuits, because of the broad-range, inverse-time 
characteristics of the relays, even though the fault cur- 
rents through other adjacent tie-circuit: breakers exceed 
the minimum currents required to close the respective 
relay contacts. As long as there are at least two tie circuits 
or a tie circuit and a transformer circuit in addition to the 
faulted circuit connected to the same bus, selective opera- 
tion of the breakers is assured because the breaker in the 
faulted circuit carries the sum of the currents through the 
other breakers. 

As soon as fault B, Fig. 1, is isolated, automatic re- 
closing of breakers 6 and ¢ is initiated so that each breaker 
recloses after its respective time delay. Assume that the 
time delay before reclosing is 15 seconds for breaker b and 
30 seconds for breaker c. Then 15 seconds after breaker b 
opens it recloses. If the fault has cleared, service is restored 
to loads on the tie feeder but if the fault has not cleared, 
breaker b opens and locks out. Thirty seconds after break- 
er ¢ opens (approximately 15 seconds after breaker 6b re- 
closes), breaker c recloses and either reestablishes service 
from the tie circuit or locks out.. If the fault clears before 
the first breaker recloses, the second breaker reclosing re- 
establishes normal operation of the network system. How- 
ever, if the fault clears between the first and second re- 
closures, service to all loads is reestablished but the tie 
circuit is open at one end and it is not capable of transfer- 
ring load from one unit to the other. Normal operation of 
the tie circuit is reestablished by manually reclosing the 
breaker which closed first and locked out. , 

Intersection-Bus Faults, for example at C, Fig. 1, 
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are isolated from the system by the overcurrent trippin 
of all tie-feeder breakers connected to the faulted tie 
breakers c, e, f, and g for fault C. The overcurrent rela: : 
for breaker g not only trip and lock out that breaker but 
also trip and lock out all the feeder breakers connected tg 
the same bus. This prevents the tie-feeder breakers re. 
closing and reenergizing a bus fault and causing unneceg. 
sary damage to the switchgear unit. The transformer 
breaker operates just as it does for a bus fault when a 
primary-feeder breaker fails to open and clear a feeder 
fault. The time setting for the transformer breaker jg 
longer than that for the feeder-breaker relays so that the 
transformer breaker can provide back up protection for 
the feeder breakers and still give the feeder breakers ample 
time to operate correctly. For example, if breaker q 
should fail to open for a fault on its associated feeder the 
overcurrent relays at breaker g would trip and lock out 
breakers c, d, e, f, and g. Since the transformer has a, long. 
time setting the breakers at either or both ends of the tie 
circuits connected to a faulted bus may open before the 
feeder breakers at the faulted bus are tripped and locked 
out by the transformer breaker overcurrent relays. In the 
example shown in Fig. 1, fault C might cause breakers 
b, h, and k to open before breakers c, e, and f are locked 
open; the result would be that service from arty or all tie 
feeders b-c, h-e, and k-f would be interrupted momentarily, 
However, breakers b, h, and k would reclose and reestablish 
service to all the interrupted loads after a time delay of 15 
or 30 seconds. Before these breakers reclose, the breakers 
at the faulted bus are locked out and the fault is isolated 
from the system. 


5. Operation of Network with One Breaker Per Tie 


Supply-Line Faults—The operation of the primary 
network in Fig. 2 is the same as that of the network in Fig. 
1 for subtransmission and transformer faults. 

Tie-Feeder Faults—The operation for a feeder fault 
is different. For example, a tie-feeder fault at D, Fig. 2, 
causes feeder breakers, m, n, and p and transformer break- 
er g to open on overcurrent and isolate the faulted circuit. 
The mid-tie breakers remain open but after a predeter- 
mined time delay transformer breaker g goes through 
prearranged succession of reclosures until the breaker 
locks out on a permanent fault or until the fault clears and 
reclosing the breaker reestablishes voltage on the primary 
feeders in the faulted area. If reclosing the transformer 
breaker establishes normal voltage on the feeders and the 
voltage is sustained for the time delay for which the mid- 
tie breakers are set, tie breakers m, n, and p reclose and 
the network continues to operate normally. A fault on & 
radial primary feeder supplied from one of the network 
units in Fig. 2 can be treated the same as a tie-feeder fault, 
or some sectionalizing device such as a breaker or a fus 
cutout can be used to isolate a faulted radial feeder from 
the network so that a permanent fault on the radial cu 
cuit does not interrupt service from the tie feeders. 


6. Comparative Characteristics 


The primary network has several characteristics which, 
in comparison with other general types of distributio® 
systems, give the primary network definite advantages m 
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Fig. 3—Comparison of the costs of radial and primary-network systems over a period of 25 years in a uniformly loaded sixteen- 

square-mile area where the load growth is ten percent per year and all subtransmission circuits, primary feeders, and secon- 

daries are overhead. A: Total load in the area. B: Total accumulated installed cost of a radial distribution system with 4-kv 
primary feeders supplied from large distribution substations. C: Total accumulated cost of a 4-kv primary network. 


many cases. In general the primary network provides 
better service and can be adapted more flexibly to chang- 
ing loads than other systems in common use except the 
low-voltage secondary network described later in this 
chapter. 

Better Service results from better voltage regulation 
and fewer consumer outages. In many radial systems the 
primary feeders originate at relatively large substations 
and the average length of the feeders is greater than that 
in the primary network where small unit substations are 
distributed throughout the load area in accordance with 
the load distribution. This results in less voltage drop in 
the primary-network distribution feeders than occurs in 
radial feeders supplied by a large distribution substation. 
Kssentially the same result is accomplished in a radial 
system by locating small unit substations at the load cen- 
ters where primary-network units are installed. The tie 
circuits in the primary network, which generally are the 
main distribution feeders, are supplied from both ends. 
This usually will provide better voltage regulation in the 
primary feeders under normal conditions than is provided 
in the distributed radial system. 

Consumer Outages are lower in the primary network 
system than in a radial system because the most services 
that will be interrupted by any fault in a primary network 


are those on any one primary feeder. Even if many small 
unit substations are used in a distributed radial system 
several feeders are served by each unit. If one of these 
units is deenergized all the consumers served by the feeders 
out of that unit suffer an outage. Deenergizing a primary- 
network unit does not cause an outage for any consumer. 
To accomplish the same minimum consumer outage in 
the distributed radial system duplicate transformers and 
subtransmission supply circuits must be provided at each 
radial unit substation; this requires more transformer 
capacity, more miles of subtransmission lines, and usually 
more complicated relaying than does the primary network. 

Losses in the primary network system generally are 
lower than those in radial systems for the same reasons 
that the inherent voltage regulation of the system is good. 
One of the two major reasons is that power is carried as 
near to the loads as practicable by high-voltage low-cur- 
rent subtransmission circuits instead of by long lower- 
voltage higher-current primary feeders. The other reason 
is that the load along each tie feeder automatically divides 
between the two ends of the feeder so that minimum losses 
are maintained. 

Flexibility—One important feature of the primary-net- 
work system is that it utilizes small unit substations each 
located at or near the center of the load it serves. This and 
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the interconnected system of primary feeders makes it 
possible to remove or add small increments of transformer 
capacity at various places in the netiwork area without 
having to make extensive reconnections of the primary 
feeders or to reroute large sections of circuits. In other 
words the network system is flexible in that it can readily 
accommodate load growth or load shifting with minimum 
disturbance to the system. 

The flexibility of the primary network is a decided ad- 
vantage in the long-time over-all economy of a distribution 
system, particularly where the total load changes with 
time or where load shifts from one section to another. 
Load growth or shifts can be accommodated by the pri- 
mary network with a minimum of rerouting and reconnect- 
ing primary feeders and with relatively small increments 
of substation capacity. For this reason the system invest- 
ment can be kept more nearly proportional to the load 
served than in the case of other systems where substation 
capacity has to be changed in large increments or major 
rerouting and reconnecting must be done to avoid over- 
loading or underloading radial substations. The effect 
of this on the system investment is shown in Fig. 3. The 
primary network is characterized by regular small incre- 
ments of investment while the radial system occasionally 
requires large additions to the system. 

Large Number of Substations—The primary net- 
work requires many relatively small substations in com- 
parison with a radial system supplied by a large substation 
at the load center of a large load area. A large number of 
substation sites and structures must be provided for the 
primary network. However, each of these sites usually is 
cheaper than that for a large radial station. Smaller sites 
are required by the relatively small primary network units. 
Furthermore, in most cases several small substation sites 
can be found scattered throughout a load area more readily 
than can a single large one near the load center of the whole 
area because the load center usually is in the most highly 
developed section of the area. On the basis of real-estate 
requirements the primary network is comparable with the 
radial system using small unit substations distributed 
throughout the load area. 

Large Amount of Subtransmission Required— 
The primary network requires more subtransmission line 
to supply the small substations distributed throughout the 
load area than a radial system using large substations. The 
amount of subtransmission circuit required depends on 
the amount of interlacing of the supply circuits in the 
network area. The minimum of subtransmission line is 
required by parallel subtransmission, that is when each 
supply circuit is taken straight through the network area 
and connected to all the substations along that line. More 
uniform load distribution when a subtransmission circuit 
is out of operation can be accomplished by interlacing the 
supply circuits so that each deenergized unit is surrounded 
as completely as possible by units in operation. This 
requires more subtransmission line than does the arrange- 
ment using supply lines going straight through the net- 
work area. However, the saving in spare transformer 
capacity to provide for emergency operation usually more 
than pays for the additional subtransmission circuit. See 
section 13. 
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If the primary network with well interlaced subtrans. 
mission circuits is compared with a radial system using 
small unit substations distributed throughout the load 
area each of which is supplied by only one subtransmission 
circuit the network requires more subtransmission ling. 
The additional line is primarily due to the interlacing, 
Interlacing accomplishes no useful purpose in the radial 
system. However, if duplicate supply circuits to each 
radial unit substation are used to reduce the number of 
consumer outages the radial system may require more gub- 
transmission circuit than a primary network. 

Primary Feeders About Equal—The primary net- 
work uses about the same amount of primary feeder cir- 
cuits as does a distributed radial system. The main trunk 
feeders usually are about the same in a given area for 
either system. But in the primary network additional 
short sections of primary circuit may be required to make 
the tie circuits continuous between substations. Also in 
the network the tie circuits must have the same size cop- 
per throughout their length while radial primary feeders 
sometimes are graded down to smaller size copper as the 
load decreases along the circuit. However, the primary- 
feeder circuit required by the network may be no greater 
than that required by the radial system if it is necessary 
in the radial system to extend feeders from one sukstation 
area into another area to equalize the loading on the radial 
substation units or if normally open ties are provided so 
that the load in one radial-substation area can be picked 
up by other substations when that unit is out of service. 
See Chapter 20, Fig. 18. 


7. Economic Field 


It is impossible to say that the primary network is 
economically applicable in any specific range of load den- 
sity because many factors affect the relative overall costs 
of the various systems that may be considered adequate 
in specific cases. The voltage class, type of construction 
used for the subtransmission and primary-feeder circuits, 
the load density, the anticipated rate of load growth, the 
required quality of service, real-estate cost, type of sub- 
station required, and local labor and material costs affect 
the economic comparison of systems in any particular 
case. The choice of the type of distribution system to 
supply any load area should be based on the overall cost 
of distributing power in the area; the cost should include 
installed cost of equipment and circuits, cost of the losses, 
and the cost of accommodating load changes over a reason- 
able number of years. 

While no conclusive generalizations can be made re- 
garding the economic field of application of the primary 
network some specific comparisons"* show where the pri- 
mary-network system is likely to be the economical one. 
The comparisons shown in Fig. 4 show the relative cost of 
five types of system for four types of circuit construction 
in a sixteen-square-mile area where the uniformly dis- 
tributed load is assumed to grow at the rate of ten percent 
per year. The four sets of curves, Fig. 4 (a, b, c, and d), 
show that for medium load densities in the range from 5' 
to 5000 kva per square mile the primary-network is likely : 
to be economical, particularly if the system is to be pre. 
dominantly of overhead construction. If all the subtraDs- >: 
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Fig. 4— Relative cost of several types of distribution systems for various load densities in a sixteen-square mile area where the uni- 
formly distributed load grows ten percent per year. (a) Subtransmission circuits underground; all other circuits overhead open- 
wire. (b) Main subtransmission circuits underground; branch subtransmission aerial cable; 4 kv primary feeders and secondaries 
overhead open-wire. (c) Subtransmission circuits aerial cable; all other circuits overhead open-wire. (d) All circuits overhead open- 
wire. Al: Radial system with 4-kv radial primary feeders with individual voltage regulators rg Ur by a 12 000-kva distribution sub- 
Station. A2: Same as Al except for 24 000-kva substation. B: Radial system with bus-regulated distribution substation and 4-kv 
primary feeders. C: Radial system with 13.2-kv subtransmission circuits supplying distribution transformers. D: Primary network 
with 4-kv primary feeders. Offset in curve at 1500 kva per square mile is due to increasing interrupting capacity of primary-feeder 
breakers. E: Overhead secondary network. 
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mission circuits are underground the relatively higher cost 
of that part of the system penalizes the primary network 
because more subtransmission circuit is required as com- 
pared to the radial systems. 

The cost of the network is consistently low throughout 
the range of load density considered. Even in those nar- 
row ranges of load density where the cost curve of some 
other type of system drops below the primary-network 
curve the primary network is only slightly more expensive 
than the other system, except for very low load densities 
when underground subtransmission is used. This is im- 
portant in load areas where the load density is not uniform 
throughout the area. The flexibility of the primary-net- 
work system for accommodating load growth makes it 
better for nonuniform load density and irregular load 
growth than any radial system, particularly one using 
large centrally located substations. The use of large sub- 
stations depends on accurate long-range load forecasting. 
Many large substations located on the basis of long-time 
load predictions are never fully loaded because the load 
does not grow as rapidly or as much as anticipated. Be- 
cause the network system can be expanded in small incre- 
ments long-time forecasting is not necessary and irregular 
load growth can be accommodated more economically by 
the network system. Therefore, in many cases where the 
primary-network system appears to be slightly more ex- 
pensive than some other systems on the basis of uniform 
load density and regular load growth the additional cost 
of the network is more than compensated by the flexibility 
of the network system. 

The curves of Fig. 4 are not conclusive evidence that the 
primary network is the most economical system for me- 
dium load densities. However, the curves do indicate that 
the primary network is likely to be economical in areas 
where the overall load density is between 500 and 5000 kva 
per square mile. 


8. The Primary-Network Unit 


Basically the primary-network unit consists of a trans- 
former to step down the voltage from the subtransmission 
voltage to the primary-feeder voltage and circuit break- 
ers to control the feeder circuits and protect the system 
from faults that may occur in the various circuits. These 
basic elements and their associated auxiliary equipment 
usually are assembled into a self-contained unit substation 
such as shown in Fig. 5. However when the primary net-~ 
work uses only one breaker near the middle of each tie 
circuit the network unit is usually an assembly of the 
transformer, the transformer breaker, and auxiliary equip- 
ment. The mid-tie feeder breakers are located along the 
tie circuits usually in the form of switchhouses. 

The Transformer—A three-phase oil-immersed self- 
cooled transformer generally is used in a primary-network 
unit. Frequently air-blast equipment is provided so that 
occasional high overloads can be carried without exceeding 
safe operating temperatures in the transformer. The ad- 
ditional load capacity with air blast often is used as the 
spare capacity in the unit to take care of emergency loads 
when a subtransmission circuit is out of operation. The 
trend is toward air-blast cooling on all network units. 

The primary-network transformer usually is provided 
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Fig. 5—Typical primary network unit. (a) Unit substation 

consisting of transformer with air-blast fans and tap-chang- 

ing-under-load and throat-connected metal-enclosed switch- 

gear. (b) Schematic diagram ofa unit substation for operation 
in a primary network. 


with a manually-operated primary disconnecting switch 
built into an oil-filled compartment on the transformer. 
The switch generally is capable of interrupting exciting 
current so that the transformer can be disconnected from 
the subtransmission supply circuit without deenergizing 
the supply circuit. Either a two-position or a three-posi- 
tion switch can be used depending on whether it is desirable 
to have a ground position in addition to cfosed and open 
positions. The ground position is for grounding the in- 
coming supply circuit. The three-position switch generally 
is preferred. 

A completely-self-protected transformer frequently is 
used in a primary-network unit. Such a transformer in- 
cludes high-voltage fusible protective links, integral light- 
ning protection, and a thermal relay for tripping an as- 
sociated transformer breaker. When these elements are 
properly coordinated with the thermal characteristics and 
insulation of the transformer it is completely protected 
from damage from external causes. The completely-self- 
protected power transformer is described in detail 1n 
Chapter 16. 

Voltage Revelvink “tee aenapanderions 
equipment is generally built into the transformer part © 
the network unit so that the primary-feeder voltage of 
the network system can be maintained at the proper level. 
The operation of this equipment is described in Chapter 
5, A range of plus or minus ten percent usually is use 
although in some cases a smaller range is adequate. The 
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choice of regulation range should be based on the maxi- 
mum probable variation of subtransmission voltage at the 
network units and the voltage buck or boost to keep the 
primary-feeder voltage within the required limits. Since 
each primary-network unit normally serves a relatively 
small area the feeders out, of any one substation are about 
the same length and have the same type of load. Under 
such conditions bus-voltage regulation is adequate. Fur- 
thermore, feeder-voltage regulation in a network system 
would be complicated and expensive. 

The operation of voltage-regulating equipment in a pri- 
mary network involves a problem that does not occur in 
the regulation of radial circuits. In the network system 
the voltage-regulating equipments in the various network 
units are operating essentially in parallel. When one regu- 
lator raises the voltage above the general level of the net- 
work system undesirable circulating currents flow through 
the network units and the tie feeders. If the control of the 
regulators is compensated* in the normal way so that the 
regulators hold higher voltage for peak load than for 
minimum load the circulating current may be increased as 
soon as it is established. The reason for this is that the 
circulating current appears to be a load current at the 
regulator that establishes the higher voltage and appears 
to be a reduction of load at regulators holding lower 
voltage. The result may be that once the unstable opera- 
tion of the regulating devices is initiated the regulator 
holding the higher voltage tries to raise the voltage until 
the regulator reaches the upper limit of its range and the 
regulators holding low voltage try to lower the voltage 
until those regulators reach the lower limit of their range. 
The resulting circulating current may open several break- 
ers and may completely interrupt the operation of the 
system. 

The path of the circulating current is a closed loop ex- 
tending from the power source through a subtransmission 
line to the transformers supplied by that line, thence 
through the primary network tie circuits, and back through 
network units to another subtransmission circuit by which 
it returns to the power source. The impedance of the loop 
is predominantly reactance. Therefore the circulating cur- 
rent lags the system voltage by a much larger angle than 
do load currents. This provides a simple means for pre- 
venting unstable operation of the regulating equipment in 
the primary network. Interconnecting the regulator con- 
trols in widely separated network units is not practicable. 
However, by the simple expedient of reversing the react- 
ance elements! of the line-drop compensators in the control 
systems of the network-unit voltage regulators stable 
operation of the regulators can be enforced. This can be 
explained briefly by stating that a highly reactive circulat- 

*This compensation is accomplished by means of a line-drop compensator. The 
compensator consists of a variable resistance element and a variable reactance ele- 
ment. These elements are connected in series with the secondary winding of a cur- 
rent transformer in the circuit through the voltage regulator. The resulting voltage 
drops in the two elements are proportional to the line current of the regulated circuit. 
The two voltage drops are introduced into the voltage-measuring circuit of the regu- 
lator control in series with a voltage propertional to the system voltage at the regu- 
ator. The resistance element produces a voltage component 180 degrees from the 
regulator current, and the reactance element, as normally connected, produces a volt- 
age lagging the current by 90 degrees. These elements are variable and can be ad- 
justed so that the regulator holds not a constant voltage at the regulator but a voltage 
high enough to compensate for the resistance and reactance drops in a radial circuit 
and thus to maintain constant voltage at some predetermined point along the line. 
This explanation of the line drop compensator is rigidly correct only for a feeder regu- 
lator ina single line with load only at the end of the line. However, the line-drop com- 


Pensator is used generally in all feeder arrangements to compound the voltage regu- 
lation so that a higher voltage is maintained at high-load than at light-load periods. 
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ing current flowing through the network unit toward the 
network causes the regulator to reduce the voltage at that 
point because of the effect of the reactive current acting 
through the reversed-reactance element of the line-drop 
compensator. Conversely a reactive current from the 
network through the network unit causes the regulator 
to raise the voltage. As a result the voltage difference be- 
tween the units that causes the circulating current ts cor- 
rected and stable operation of the regulators is maintained. 

The resistance element of the compensator can be used 
to give a rising voltage characteristic at the primary net- 
work unit for increasing load currents. This generally re- 
quires somewhat higher settings for the resistance com- 
pensation than is necessary with normal reactance com- 
pensation. The most practical method of adjusting the 
compensator elements is to start with a fairly high react- 
ance setting and a relatively low resistance setting and 
then by trial arrive at the best combination of settings. 
The reactance compensation can be reduced gradually 
until the minimum setting is found where stable opera- 
tion is positive. This can be determined by manually 
moving the regulator away from the position correspond- 
ing to the desired system voltage. The regulator should 
return to the desired position automatically instead of 
continuing, in the direction of the manual displacement, 
to the end of its range. The resistance can then be in- 
creased to give the necessary compounding. Small read- 
justments in the reactance element may be necessary after 
the resistance element is adjusted, These adjustments 
should be made during light load because unstable opera- 
tion is more likely at times of light load than at heavy 
load. 

If it is sufficient to maintain constant voltage at the in- 
tersection buses in the primary network, the line-drop 
compensator does not function. In other words it is ad- 
justed for zero resistance and reactance compensation. In 
such a case the regulators operate stably regardless of the 
connection of the reactance element. In fact if the voltage 
at some point on every tie circuit decreases as load in- 
creases on the adjacent network units the regulators 
operate stably with the reactance element not reversed. 

The most economical rating of transformer usually will 
be between 1000 and 3000 kva depending on circuit con- 
struction, load density, location: of units (outdoors or 
underground), and existing primary conductors. In order 
to use large units it is necessary to have correspondingly 
large primary-feeder circuits or to have a large number of 
feeders out of each substation. The latter means that the 
circuits are relatively long and that some of these circuits 
may have to be carried some distance from the station 
before any load is served. The additional cost of primary 
feeders may more than offset the savings in the cost of 
network unit and subtransmission circuit. The long- 
term total annual cost of large units is likely to be higher 
than that of smaller units because large units make it 
necessary to add capacity to the system in large incre- 
ments. This is particularly important where the load is 
not uniformly distributed in the load area or where load 
growth is irregular. Both these conditions are more preva- 
lent than uniform load density and a regular rate of 
growth. Past experience indicates that a 1500 or 2000 kva 
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unit (1875 or 2500 kva with air blast) is usually most 
economical. Large units may appear cconomical in areas 
of heavy load density. However, in such areas the low- 
voltage secondary network should be carefully considered 
because it is probable that the secondary network is less 
expensive and it provides better service than the primary 
network. 

Switchgear and Relaying—The two general arrange- 
ments of switchgear in a primary network are shown by 
Figs. | and 2. In the type shown in Fig. 1 there are two 
breakers in each tie feeder, one at each end. The arrange- 
ment in Fig. 2 uses one breaker in each tie feeder and this 
breaker is usually located near the middle of the tie; how- 
ever, it may be located at any point in the feeder. From 
the standpoint of interrupting duty and of load affected 
by a feeder fault the midpoint location is best. 

The one-breaker primary network costs less because it 
uses fewer breakers of lower interrupting capacity. Re- 
closures to reestablish service on faulted feeders do not 
disturb loads on the remainder of the network. In the 
two-breaker primary network feeder, faults drop less load 
and there are fewer locations where equipment must be 
maintained. 

The switchgear for the two-breaker primary network is 
shown schematically in Fig. 5(b), The transformer break- 
er is provided with reversed-power and overvoltage-re- 
closing (network) relaying. The network relay disconnects 
the transformer from the network in the case of a trans- 
former or subtransmission supply line fault and reconnects 
the transformer to the network when such a fault has 
been repaired and the relationship between the transformer 
and the network voltages is correct. The transformer 
breaker is also equipped with very-inverse-time overcur- 
rent relays to isolate the transformer from bus faults and 
to provide back-up protection for the feeder breakers. 
This overcurrent relaying on the transformer breakers also 
trips and locks out the tie-circuit breakers connected to 
the same bus. 

The network relay is inherently sensitive enough on 
reverse current to trip the transformer breaker on trans- 
former exciting current when the transformer is energized 
from the low-voltage side. This makes it possible for the 
network relay to isolate single-line-to-ground faults on 
subtransmission circuits supplying the network, when 
using network transformers with their primaries connected 
in delta. It also facilitates testing and maintaining the 
supply circuit because it is not necessary to go to the pri- 
mary-network units in order to deenergize the associated 
subtransmission line. This is particularly convenient 
when no radial loads are supplied by the same circuit that 
supplies network units because then the subtransmission 
circuit can be opened without interrupting any load. The 
use of sensitive-reversed-current tripping is complicated 
by the possibility of momentary reversals of power flow 
through the network transformers when radial loads are 
supplied by the same circuits that feed the network units. 
This is particularly true if the radial load is characterized 
by large abrupt fluctuations, as, for example, when large 
industrial motors or furnaces are started. To prevent such 
momentary reversals of power from opening the network- 
transformer breakers a desensitizing relay® can be used to 
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delay the tripping of the breaker on reverse currents up to 
about 150 percent of normal full load on the associated 
transformer. Thus momentary reversals of power that 
disappear before the time-delay interval is completed do 
not open the transformer breaker, but if the reversal Per- 
sists the breaker opens at the end of the time delay. 4 
delay of one to five minutes usually is long enough to take 
care of momentary reversals. With this arrangement re- 
versed fault currents, which generally exceed two or three 
times normal rated current of the transformer, trip the 
breaker and isolate the faulted element without intentional] 
time delay. 

The feeder breakers are controlled by overcurrent re. 
lays and time-delay reclosing relays. The overcurrent re- 
lays should have broad-range, very-inverse-time character- 
istics to insure selective operation of the breakers in the 
various tie circuits so that a primary-feeder fault causes 
only the faulted circuit to be isolated. Current discriming- 
tion alone is inadequate for selective operation of tie-cir- 
cuit breakers. If current-discriminating relays in all the 
tie feeders are set low enough to trip their respective break- 
ers correctly on the minimum faults, the breakers in sey- 
eral tie feeders probably trip incorrectly on severe faults, 
The minimum fault current in a faulted tie feeder generally 
is lower than the maximum current in that feeder for a 
fault in an adjacent feeder. Definite-time settings for the 
overcurrent relays can be used to obtain satisfactory opera- 
tion of the tie breakers if the settings are carefully selected 
for the various breakers. This method® requires carefully 
planning the relay settings and depends, for correct opera- 
tion, on accurate settings and the proper geographical 
sequence of the time delays in the tie feeders of the net- 
work. The broad-range, very-inverse-time relay scheme is 
the most practical method of providing selective operation 
of the feeder breakers because it permits uniformly low 
minimum current settings throughout the network and 
generally allows all the tie-feeder relays to be given the 
same settings. 

The feeder-breaker overcurrent relays are set faster than 
the transformer-breaker relays so that any feeder fault is 
cleared by the feeder breakers before the transformer 
breaker can trip unless the feeder breaker that should iso- 
late the faulted feeder fails to operate. If the feeder 
breaker fails to open, the transformer breaker operates 
and, in conjunction with the other feeder breakers con- 
nected to the same bus, isolates the faulted circuit. 

Reclosing of the primary-feeder breakers is used in the 
primary-network system, as in radial systems, to rees- 
tablished service from a faulted circuit if the fault clears 
when the feeder is deenergized. Most temporary faults are 
cleared before the first or second reclosures. In the pri- 
mary network two reclosures for any tie feeder can be pro- 
vided conveniently by one reclosure at each end of the 
circuit. To prevent both reclosures occurring simultan- 
eously or near enough together that the fault is not de- 
energized between reclosures it is necessary to use different 
time delays before reclosure at opposite ends of the line. 
The shorter time delay is made long enough that both 
breakers have ample time to open. The longer time delay 
is made long enough that the two reclosures do not occur 
simultaneously as a result of a large difference in the 
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opening times of the two breakers in the faulted feeder. 
Time delays of 15 and 30 seconds are gencrally adequate 
for the two reclosures. Using only one reclosure for each 
breaker minimizes the operating duty on the breakers. 

The transformer breaker in the primary network with 
one breaker per tie feeder, Fig. 2, is controlled by network 
relaying and overcurrent relaying in essentially the same 
way that the transformer breaker in Fig. 1 is controlled. 
However, in addition to network and overcurrent relaying 
the transformer breakers in Fig. 2 are provided with re- 
closing relays so that the transformer breaker recloses on 
primary-feeder faults. Two or three successive reclosures 
. are made before lock out. In the form of the network 
shown in Fig. 2 the transformer breaker usually is included 
in the transformer structure to form a completely-self- 
protected single-circuit unit substation. 

The mid-tie breakers in Fig. 2 differ physically and 
functionally from the tie breakers in Fig. 1. These break- 
ers are usually located along the tie feeders remote from 
the substation in widely separated locations and cannot be 
assembled together to form a switchgear unit. However, 
the breakers can be located anywhere along the tie feeders. 
If they are located at the intersections, those at a particu- 
lar intersection can be grouped together to form a switch- 
gear assembly. Mid-tie breakers can be mounted on a 
pole, on a platform, or on the ground. The control for a 
pole-mounted breaker is in a separate pole-mounted hous- 
ing. A breaker mounted on a platform or on the ground 
can be either an outdoor breaker or a breaker in a switch- 
house. Outdoor breakers require a separate weatherproof 
cabinet for the control and operating mechanism while 
the switchhouse type of mounting provides a weather- 
proof structure for the control, operating mechanism, and 
the breaker. 

Mid-tie breakers are controlled by very-inverse-time 
overcurrent relays and voltage reclosing relays. The mid- 
tie breaker opens on overcurrent in either direction through 
the breaker and recloses only after substantially normal 
voltage is maintained on both sides of the breaker for a 
predetermined length of time. Power for closing the 
breaker can be taken from the tie feeder on either side of 
the breaker or from an adjacent secondary main supplied 
by the tie feeder. 

The interrupting duty on breakers in any primary-net- 
work system depends not only on the short-circuit current 
of the adjacent network transformer but also on the char- 
acteristics of the network system because currents can 
flow to any fault over two or more paths. Unless the 
average tie-feeder impedance is more than about three 
times the network-transformer impedance, the network 
transformer will supply less current to a fault at its termi- 
nals than will the remainder of the network. Therefore, 
tie-circuit construction, load density, and the extent of the 
network are important factors in the interrupting duty on 
circuit breakers in a primary network system. In the type 
of system shown in Fig. 1 the duty on all the breakers at 
any substation is about the same and usually the variation 
of interrupting duty from one substation to another is not 
enough to justify using different breaker ratings in dif- 
ferent substations. The interrupting duty on the tie 
breakers in the form of the primary-network system shown 
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TABLE 1— RANGE OF INTERRUPTING CAPACITY USUALLY 
REQUIRED FOR BREAKERS IN PRIMARY NETWORKS 


Type of Primary Network 


Break 
ane Two Breakers Per One Breaker at Middle 
Tie Feeder of Each Tie 
Transformer | 100 000 to 250 000 kva | 100 000 to 250 000 kva 


Tie-Feeder 100 000 to 250000 kva | 25.000 to 100 000 kva 


in Fig. 2 depends largely on their location in the tie circuits. 
If these breakers are located electrically at the middle of 
the tie feeder the maximum duty on them may be as low 
as a third of the maximum duty on the transformer break- 
ers because the impedance in the tie circuit limits the fault 
currents. Table 1 shows the ranges of interrupting ratings 
generally required for the various breakers in the two 
forms of the primary network. 


9. Designing the Primary Network 


The design of the primary network, like that of any dis- 
tribution system, must be based on complete and accurate 
load and geographical data, such as, (1) location, size, and 
character of large loads; (2) the amount, location, distribu- 
tion, and character of the small loads; (3) anticipated load 
growth in the area being studied; (4) location of bulk 
power substations; (5) location and capacity of existing 
distribution circuits, transformers, and substations; (6) 
available sites for substations and other distribution equip- 
ment; and (7) available routes for distribution circuits. 
Preliminary analysis should reduce the load data to quan- 
tity of load and load centers corresponding to relatively 
small areas such as mile or half-mile squares. 

Network Unit Locations—On the basis of the loads 
and location of load centers in the small areas network 
units are located at the load centers of larger areas each 
comprising a load corresponding approximately to the 
proportionate share of the total load in the network area 
that each unit will normally carry. The proportionate 
share of load for each unit is determined by the total 
number of units that must be installed in the network area. 
There must be enough units in normal operation so that 
under emergency conditions when one subtransmission 
circuit and the network units connected to it are out of 
operation the maximum capacity of the remaining units 
will be adequate for the total load in the area. A rough 
cost comparison can be made on the basis of a preliminary 
location of units to indicate the sizes of units that are 
likely to be most economical. Detail design and final com- 
parisons then need be carried through for only a few com- 
binations. 

The actual location of network-unit substations depends 
not only on the location of the corresponding load centers 
but also on the location of available sites, available rights- 
of-way for subtransmission and primary-feeder circuits, 
and the location of existing distribution facilities that 
can be utilized. The choice of substation locations usually 
takes into consideration the cost of real estate and the need 
for landscaping or special construction to match the sub- 
station with the surrounding buildings and area. 

Tie Feeders—The carrying capacity of the tie cir- 
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cuits between network units is related to the capacity of a 
network as well as to the load supplied from the circuit. 
Generally there are from three to five tie feeders connected 
to each intersection bus and for practical purposes the 
average can be taken as four. The carrying capacity of the 
four tie circuits should be enough to carry the maximum 
load on the corresponding network unit. Also each tie 
circuit must be able to carry all of its load from one end. 
The reason for this is illustrated by considering that the 
transformer of network unit E, Fig. 1, is out of service; 
then feeders c-b, e-h and f-k are supplied only at the b, h 
and k ends respectively. Under normal operating condi- 
tions, when all units in a network are operating, about half 
the load on the tie circuits connected to a network unit 
represent the normal load on that unit. Therefore, the 
combined carrying capacity of the tie feeders connected to 
a network unit must be at least twice the normal load on 
that unit. Actually each tie feeder should have a carrying 
capacity equal to about half the rated capacity, instead of 
the normal load, of the network transformer. On the basis 
of an average of four tie feeders connected to each primary- 
network unit, this carrying capacity usually gives enough 
margin to take care of unequal division of load among the 
tie feeders. The same size of tie-feeder conductors and 
network units generally is used throughout the network 
because of interchangeability and simplification of design 
and construction. 

The tie feeders between primary-network units should 
follow reasonably direct routes. This keeps the impedance 
of the tie circuit toa minimum. Low tie-circuit impedance 
facilitates uniform load distribution among the network 
units and keeps voltage drop in the tie circuit to a mini- 
mum. These factors are particularly important under 
emergency operating conditions when a subtransmission 
circuit and its associated network transformers are out of 
service and some of the tie circuits are being supplied from 
only one end. Short tie feeders minimize the probability 
of faults on these circuits. Each tie feeder should follow a 
separate route as far as possible so that tree limbs, derrick 
booms, or similar hazards do not involve more than one 
tie feeder. Usually the installation of a primary network 
involves the adaptation of existing primary feeders to the 
tie circuits of the network system and the routes of the 
existing main primary feeders are major factors in routing 
the tie lines. 

Either overhead or underground construction can be 
used for the tie feeders. The choice of the type of con- 
struction depends almost entirely on the class of neighbor- 
hood through which the feeders run and on the economic 
balance between the cost of underground construction and 
freedom from lightning, sleet, and tree troubles. When an 
existing system is adapted to primary-network operation 
the type of construction already being used usually de- 
termines the construction of the primary-network tie feed- 
ers. In areas of medium load density, where the primary 
network is generally applicable, overhead open-wire con- 
struction predominates. 

Radial subfeeders and primary laterals can be supplied 
from the tie feeders in the same way that they are served 
by radial primary feeders. However, instantaneous de- 
energizing of the main tie feeder to clear temporary sub- 
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feeder faults and subsequent time-delay tripping of the 
feeder breakers to permit subfeeder sectionalizing fuses to 
clear permanent subfeeder faults cannot be used in the 
network system. Instantaneous tripping or delayed trip- 
ping of the tie-feeder breakers does not permit selective 
operation of the tie-feeder breakers in the various tie ejr- 
cuits of the network. However, the subfeeders can be 
fused so that faults on these circuits do not take the main 
tie feeder out of service. It is important that these fuseg 
be carefully coordinated with the tie-feeder breakers go 
that subfeeder faults are correctly isolated from the main 
tie feeder. A radial primary feeder can be served directly 
from the primary-network units through its own breaker 
which usually is controlled by the same type of relaying 
used for the network tie circuits. However, any form of 
relaying can be used for a radial feeder breaker in a pri- 
mary-network unit, if it coordinates properly with the 
network tie-feeder breakers. 

Subtransmission Supply Circuits—aAt least two 
subtransmission circuits are required to supply a primary 
network; a larger number of supply circuits reduces the 
spare capacity required in the network units to provide for 
an emergency condition when one supply circuit is out of 
operation. It generally can be assumed that out of any 
number of supply circuits, up to about five or six, only one 
will be out of service at any one time. Theoretically two 
supply circuits require 100-percent spare transformer ca- 
pacity so that when one of the two subtransmission cir- 
cuits is out of service the transformers associated with the 
operating feeder can carry the total load; actually the 
maximum load capacity of all the network units has to be 
somewhat more than twice the normal peak load because 
the transformer ratings cannot be exactly fitted to the 
actual loads and because under emergency conditions the 
load probably does not divide uniformly among the trans- 
formers remaining in service. The corresponding theoret- 
ical reserve capacity for three supply circuits is 50 percent; 
for four circuits 3314 percent; and for five circuits 25 per- 
cent. Practically, very little reduction of necessary reserve 
capacity results from using more than five or six supply 
circuits. When a larger number of circuits is used, some of 
the transformers in the network area will be remote from 
transformers that are out of qperation and will pick up 
relatively little of the load normally supplied by the trans- 
formers associated with a supply circuit that is out of 
service. In other words, the reserve capacity in a network 
supplied by more than five or six subtransmission lines 
cannot be effectively utilized and the necessary percent 
reserve capacity in the network becomes practically con- 
stant as the number of supply circuits increases beyond 
five or six. 

For more than five or six circuits the probability of two 
circuits being out of operation simultaneously may be 
great enough that such an emergency ale be considered. 
More reserve capacity may be required in a network sup- 
plied by a larger number of supply circuits than in one 
supplied by five or six circuits. The number of subtrans- 
mission circuits that can be expected to be operating at any 
time must have enough capacity to carry the total pri 
mary-network load. 


Interlacing of the subtransmission circuits, to avoid 
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adjacent transformers being connected to the same sup- 
ply circuit, should be used to keep the spare capacity in 
the network to a minimum. The additional length of 
supply circuit usually is more than out-weighed by the 
saving in network unit capacity. See section 18. 

The construction used for the subtransmission circuits 
depends on available rights of way, subtransmission volt- 
age, and the value of the protection from lightning, 
storm, and tree hazards afforded by underground con- 
struction, Prevailing subtransmission circuits usually 
establish the type of construction to be followed by pri- 
mary-network supply circuits. Closely built up areas may 
require underground or aerial cable lines while open areas 
may permit using overhead open-wire construction. 

One important advantage of the network system 1s that 
the subtransmission circuits can be straight radial circuits 
protected by simple overcurrent relaying systems because 
service to all the loads in the network area is independent 
of the continuity of operation of any subtransmission 
circuit. The complicated relaying and duplication of sup- 
ply circuits required by the subtransmission grid (See 
Chapter 20) are not necessary for the operation of a pri- 
mary network. However, it is important that the supply 
circuits originate at bulk power stations that are closely 
interconnected so that the voltages on the various sub- 
transmission circuits are maintained practically equal and 
in phase. This is necessary to insure uniform load distribu- 
tion among the supply circuits. 

Automatic reclosing of the breaker at the supply end 
of an open-wire subtransmission circuit supplying primary- 
network units is not as important as it is for primary 
feeders or subtransmission lines in a simple radial system. 
In the primary-network system a fault on a subtransmis- 
sion circuit does not interrupt any load. Furthermore, it 
is not necessary to restore the faulted circuit to operation 
to maintain service to any loads served from the network. 
Reenergizing a subtransmission line connected to a faulted 
network transformer almost invariably would reestablish 
the fault and cause unnecessary damage to the transformer. 
Tf considerable radial load in addition to network load is 
served by an overhead subtransmission circuit, automatic 
reclosing of the subtransmission-line breaker may be justi- 
fied by the reduction of the duration of outages for the 
radial load when temporary subtransmission-line faults 
occur. Reclosing is not used on subtransmission cables 
because a fault in a high-voltage cable usually does not 
clear when the cable is deenergized. Reclosing on faulted 
cable circuits usually causes unnecessary damage to the 
cable. 


10. Modification of the Primary Network 


The foregoing discussion has been confined to the two 
basic forms of the primary network both of which oper- 
ate on the same fundamental network principle. Modi- 
fications that have been used or suggested are variations 
of arrangement and generally do not affect the funda- 
mental operation. The two most important modifications 
are the use of fuses in place of mid-tie breakers and the 
adaptation of the network system to existing substations 
and distribution facilities. Fuses can be used in place of 
the mid-tie breakers in the system shown in Fig. 2 because 
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the reclosing to reenergize the primary feeders after a tem- 
porary fault is done by the transformer breaker. In the 
system using two breakers per tie feeder, substituting 
fuses for these breakers is not practical because the fuses 
do not provide means for reestablishing service on the tie 
feeders in the case of temporary faults. Reclosing fuses 
might be used for this purpose if suitable, accurate, long 
time delays could be incorporated in the fuse to insure 
properly coordinated operation of the fuses at, opposite 
ends of the line. If fuses are used in place of mid-tie 
breakers they must be coordinated carefully so that the 
fuses in the various tie circuits operate selectively. One 
important disadvantage of these fuses is that the tie feeders 
must be patrolled frequently so that fuses adjacent to a 
substation near which a tic-feeder fault has occurred do not 
remain open for long periods of time and result in dropping 
load around that substation when it is taken out of service 
at some later time because of a transformer or subtrans- 
mission-line fault or for maintenance or testing. 

Primary networks are usually applied in areas where 
there is an existing distribution system. For this reason 
it is often desirable to adapt existing substations to net- 
work operation. When the existing substations are equal 
or nearly equal to the network units that are to be used, 
it is necessary only to provide existing stations with net- 
work relaying and properly coordinated over-current relay- 
ing and to make sure that existing breakers are of adequate 
interrupting capacity. In larger stations it may be neces- 
sary to divide the station into sections nearly equal in 
capacity to the new network units to be installed. In some 
cases it may be feasible to segregate a small section of the 
bus in a large substation for operation in the network sys- 
tem and supply this section of bus from the main station 
bus through a bus-sectionalizing breaker and current- 
limiting reactor so that the normal load and the available 
short-circuit kva on the small bus section are comparable 
to that of the network units. In this latter case the section- 
alizing breaker is relayed in the same way as the trans- 
former breaker in a network unit, and the feeder breakers 
on the small bus section are provided with the same type 
of control as other tie-feeder breakers in the network. 

Other modifications may suggest themselves in particu- 
lar cases. Any modification should be made only after it 
has been determined that tie-feeder sectionalizing devices 
and netiwork-unit transformer breakers are properly co- 
ordinated and correct operation of the network is assured. 


Ill. THE AUTOMATIC A-C SECONDARY 
NETWORK SYSTEM 


All the secondary networks now operating in 196 cities, 
with one exception,” ® work on the same basic principle. 
Loads throughout a load area are supplied by taps from an 
interconnected system of low-voltage circuits. The utiliza- 
tion voltage,”* at which the secondary mains are operated, 
varies among installations from 115/119 to 125/216 volts. 
The most prevalent voltage is 120/208 volts which pro- 
vides a standard lamp voltage from line-to-neutral and a 
three-phase line-to-line voltage that is generally satisfac- 
tory for 220-volt motors.” Power is supplied to this sys- 
tem of low-voltage circuits through several transformers 
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which in turn are energized by two or more primary-feeder 
circuits. Automatic network protectors” and the natural 
tendency of low-voltage faults to clear themselves*!* are 
utilized to protect service from the secondary network from 
all faults in the system, except complete failure of the 
power supply. 


11. The Underground Secondary Network 


The basic electrical arrangement of the secondary net- 
work is shown in Fig. 6. The grid of secondary mains is 
the interconnected system of low-voltage circuits from 
which loads are served at utilization voltage. The network 
transformers introduce power into the secondary mains at 
the intersection of the mains through network protectors, 
which are automatic air circuit breakers controlled by net- 
work relaying. Two or more primary feeders are used so 
that even when a primary feeder is out of service all of the 
load can still be supplied over the remaining feeder or 
feeders. The feeders to the network can come either from 
a distribution substation, from a bulk power substation, or 
a generating station. In network systems the feeders fre- 
quently operate at subtransmission voltage and are, in 
fact, subtransmission circuits carried directly to the dis- 
tribution or network transformers. 

Secondary Mains—tThe load circuits or secondary 
mains from which consumer services are tapped generally 
follow the geographical pattern of the load area because 
the mains are located under the streets or alleys in the 
area so that the services to the consumers can be as short 
as possible. This arrangement facilitates access to the 
mains for repairs, maintenance, and service connections. 
In underground systems the secondary mains as well as 
other circuits are generally carried in duct systems and 
the service connections are made in manholes, vaults, or 
shallow junction boxes. At the intersections of the sec- 
ondary mains the corresponding phase conductors of the 
intersecting mains are connected together so that, in most 
city areas where the low-voltage secondary network is 
applicable, the system of secondary mains takes the form 
of a grid. In an ideal case the grid forms a regular pattern 
such as that shown in Fig. 6. 

In underground systems the secondary mains generally 
are made up of single-conductor cables because the many 
interconnections and service taps required in a secondary 
network can be made more easily and less expensively on 
single-conductor cables than on multi-conductor cables. In 
the early stages of the network system lead-covered cables 
were used almost exclusively. Within the last decade im- 
proved insulating materials have resulted in extensive use 
of non-metallic sheathed cables because splices can be 
made more easily. Although three-conductor cables gen- 
erally are not used it is common practice to twist all the 
conductors of a three-phase circuit together to keep to a 
minimum the reactance of the circuit and thus improve 
voltage regulation. 

The size of the conductors* in the secondary main 
depends primarily on the required carrying capacity. 
However, the voltage drop from a transformer to any load 
along the mains under normal operating conditions (all 
transformers in operation) should not exceed about two 

*See Chapter 6, 
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Fig. 6—Schematic diagram showing the basic arrangement of 
primary feeders, network transformers, and Secondary mains 
in a low-voltage secondary network, 


percent. The carrying capacity of a secondary-network 
main should be one-half to two-thirds of the rated capacity 
of the predominant size of network-transformer unit. This 
is true because a part of the maximum load on a trans- 
former is usually supplied from the junction where the 
transformer is connected, and the remainder of the output 
of the transformer usually is divided unequally among the 
mains connected to the same junction as the transformer. 
Also, when the normal power supply from a network trans- 
former at one end of a secondary main is out, all the load 
along the main and part of the load at the end where the 
transformer is out is supplied from the other end of the 
main. — 

The conductor sizes most frequently used in under- 
ground low-voltage networks are 4/0 and 250-, 350-, and 
500-MCM. However, because of relatively high voltage 
drop, difficulty of handling, and the difficulty of burning 
clear faults on 500-MCM cable, two 4/0 or 250-MCM 


cables in parallel are frequently used in place of one 5 


RELATIVE REGULATION 
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MCM conductor. The improvement in voltage regula- 
tion® is shown by Fig. 7. Two 250-MCM conductors in 
parallel have the same copper cross-section and essentially 
the same resistance as one 500-MCM. The paralleled 
250-MCM _ cables provide better regulation because the 
reactance of that circuit is about half that of the 500-MCM 
circuit. The smaller cables are easier to handle in the 
limited space in manholes and vaults. Where transformers 
larger than 500-kva are used in a network multiple- 
conductor circuits always should be used. 

The operation of the secondary network depends on 
faults on the secondary mains being burned off and clear- 
ing without deenergizing the system. This is feasible on 
low-voltage circuits such as 120/208-volt secondary-net- 
work mains because arcs are not sustained at that voltage. 
lor circuits operating at higher voltages such as 460 volts 
this method of clearing faults is not dependable. Tests® 


PERCENT POWER FACTOR 


Fig. 7— Relative regulation per unit length of three-phase cir- 
cuit for a balanced three-phase current at various power fac- 
tors. A: Fora circuit consisting of three 500-MCM single-con- 
ductor cables in a duct. B: For a circuit consisting of two 
parallel three-phase branches each made up of three 250- 
MCM single-conductor cables in a separate duct. 


and calculations have shown that the minimum currents 
shown in Table 2 are required to burn clear the most 
severe type of fault. Such a fault is one where the current 
and thermal capacity of the fault is greater than those of 
the conductor itself making it necessary to fuse the con- 
ductor on each side of the fault. In an actual installation 
such a fault might occur when a power shovel digs into a 
duct line. The probability of such a fault is rather small. 
Most faults on network secondaries clear with much 
smaller currents than those shown in the tabulation. The 
values for underground circuits are for either lead-covered 
or non-leaded cables. A 500-MCM conductor is about the 
largest conductor that can be expected to burn clear con- 
sistently because larger conductors require high minimum 
fault currents, which are difficult to obtain in network 
mains except where the transformer capacity is highly con- 
centrated, and also because of the large amount of metallic 
vapor generated when a large conductor fuses. 

The ability of any network to clear secondary faults is 
improved by the use of paralleled-conductor circuits. 
Available short-circuit currents will burn off a small con- 
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TABLE 2—- MINIMUM CURRENT IN AMPERES REQUIRED IN EACH 
CONDUCTOR ON BOTH SIDES OF A SOLID FAULT ON SINGLE- 
CONDUCTOR CABLES TO BURN OFF THE FAULT 


Conductor Size Overhead Circuit Underground Circuit 
a 1000 1600 
1/0 1200 1800 
2/0 1400 2100 
3/0 1700 2500 
4/0 2100 2900 
250 MCM 2300 3200 
350 MCM 3000 4000 
500 MCM 4000 5000 


V—_—_—_——_ rrr eee 


ductor more quickly than a large conductor. Also with 
the parallel arrangement of the secondary-main conduc- 
tors a fault opens only one of the branches of the main and 
leaves the other branch of the main in operation to help 
maintain the maximum possible fault current available at 
the fault point. Furthermore, the paralleled circuits of the 
main can be tied together at short intervals so that only a 
small section of the main is affected by a fault. Tying the 
parallel circuits together increases the fault current at the 
fault point in most cases. 

The effects of paralleled mains and tie points are illus- 
trated by Fig. 8. A fault near a junction is more difficult 
to clear than a similar fault at any other location on the 
main because the current to one side of the fault is limited 
by the impedance of the entire main. Such a fault in a 
well-designed network grid is quickly burned clear between 
the fault and the nearest junction point as shown in Fig. 
8(a). Occasionally the fault current over a long secondary 
main is not enough to burn off a solid fault on a main con- 
sisting of a single-conductor per phase. The currents shown 
in Fig. 8 are calculated for the conditions shown. The 
current to a fault at the end of a 500-foot, 500-MCM 
secondary main, Fig. 8(a), will be 4250 amperes or only 85 
percent of the 5000 amperes necessary to clear a solid fault 


300 KVA 300 KVA 

5% Z 5% Z 

0.0072 OHM 500 MCM-0.021 OHM 0.0072 OHM 

lf —™ 4250 AMP. (85%) FAULTZ 
(a) 
500 FT, 

300 KVA 300 KVA 
5%Z 5%Z 


0.0072 OHM TWO 4/0'5-0.0359 OHM EACH 


I¢ ——» 2870 AMP. (98.2%) 


0.0072 OHM 


(b) 
300 KVA 300 KVA 
5%Z 5%2Z 
0.0072 OHM TWO 4/04 -0,0359 OHM EACH 0.0072 OHM 


4330 AMP. Ip —> 
(149.2%) FAULT 


(c) 


Fig. 8—Effect of paralleled conductors and tie points in 
paralleled conductors on the ability of a low-voltage network 
to clear secondary faults. 
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on that size conductor. If, as in (b), two paralleled 4/0 
cables without tie points are substituted for the 500-MCM 
conductor the fault clearing ability is improved. There is 
still only 98.2 percent of the 2900 amperes required for the 
worst fault; however, the probability of the fault not clear- 
ing is very remote. But if, as in (¢), the two paralleled 4/0 
conductors are tied together at the midpoint of the main, 
the available fault current from the main to the fault is 
increased to 149.2 percent of the 2900 amperes required. 
‘This provides a wide margin of safety. There are two 
reasons for this result. Both transformers can supply 
current to the fault even after it burns off on one side; 
and the effective impedance to the fault is less than that 
in either case (a) or (b). Tn the case of two 4/0 conductors 
per phase and 300-kva transformers, 100- to 150- foot 
intervals between tie points are short enough to burn clear 
a fault such as shown in Fig. 8(c), even on mains as long as 
1350 feet. Mains of such length seldom occur in secondary 
networks. ‘The effectiveness of this method depends on 
there being two branches of the main each in a separate 
duct to prevent a fault in one branch from communicating 
to the other. Usually these tie points are provided auto- 
matically by service taps along the mains; on a parallel- 
conductor main the branches should be tied together at 
service points because of the improved voltage regulation 
and decreased losses in the main. 

Limiters—Trequently there are a few mains in a sec- 
ondary-network grid where fault current is insufficient to 
insure clearing a solid fault. Also some severe faults result 
in a considerable amount of damaged cable before the 
fault is cleared. To minimize the amount of cable damage 
resulting from secondary faults and to avoid the infrequent 
cases where a secondary fault fails to clear in a reasonable 
time the limiter was developed and applied first in New 
York in 1936.35 The limiter also provides means for 
isolating secondary faults on secondary mains in fringe 
areas of a network where there is insufficient fault current 
available to fuse the secondary mains in the case of a solid 
fault. The limiter is a restricted copper section installed in 
the secondary main at each junction point; the fusing 
characteristics of the limiter are designed to clear a faulted 
section of main before the cable insulation is damaged by 
the heat gencrated by the fault current. The extent to 
which limiters are applied in a network depends on eco- 
nomic considerations as well as on the necessity for provid- 
ing means of clearing faults. In some networks, limiters 
are installed in all secondary mains on the basis that the 
saving in damaged secondary cable justifies the applica- 
tion. It is cheaper to apply limiters on non-leaded cables 
than on lead-covered ones, especially if the lead sheath 
must be continued over the limiters by means of wiped- 
solder joints. Local costs and local secondary-fault expe- 
rience must be considered in each case. 

Network Units—A_ secondary-network unit consists 
of the network transformer and its associated primary 
disconnect switch and network protector. The network 
transformer is the distribution transformer in the network 
system. It combines the functions of both the distribution- 
substation transformer and the distribution transformer 
when subtransmission supply circuits are connected di- 
rectly to the network transformers. The primary discon- 
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necting switch provides means for disconnecting a trang. 
former from the primary feeder and it may also incorporate 
means for short circuiting and grounding the primary 
feeder for the safety of workmen when the feeder is being 
repaired or extended. The network protector® is an elec. 
trically-operated air circuit breaker controlled by network 
relays” so that it automatically disconnects the trans. 
former from the secondary grid when power flows from the 
grid to the transformer and reconnects the transformer to 
the grid when the transformer can supply power to the 
grid. An installation of three network units in a vault is 
shown in Fig. 9. 

Transformer—Three-phase transformers generally are 
used because the space required and weight of the trans- 
former is less for three-phase units than for an equivalent 
bank of single-phase units and the cost. is less for the three- 
phase unit. Single-phase transformers offer no advantage 
from the standpoint of service continuity because the 
interconnected secondary grid maintains the service at a 
transformer point even though that transformer is out of 
operation. However, when existing single-phase trans- 
formers have impedances and voltage such that they can 
be paralleled with network units, they can be used in a 
network system. This often occurs when an existing dis- 
tribution system is converted to a low-voltage secendary- 
network system. Single-phase transformers sometimes are 
necessary because of space and weight limitations of eleva- 
tors, hallways, doorways, manholes, and other means by 
which the transformers must be moved into position in 
vaults. This is particularly true for building vaults. 

Oil predominates as the cooling and insulating medium 
for network transformers primarily because of its relatively 
low cost and because other suitable mediums were not 


Be er eens 


Fig. 9—Three submersible secondary-network units installed 

ina vault. Each unit consists of a 500-kva transformer with @ 

1600-ampere network protector on the left end and a primary 
switch and terminal chamber on the right end. 
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Fig. 10—A network protector in a subway housing. This is the 
type of protector that is mounted on the left end of the trans- 
formers in Fig. 9. 


available in carly stages of the development of the network 
system. The chief disadvantages of oil-filled transformers 
are the explosion and fire hazards. A non-inflammable 
liquid, such as Inerteen, eliminates the fire hazard and it is 
used in many cases where 2 fire would be difficult to con- 
trol or would be likely to cause extensive damage. Both 
oil-insulated and non-inflammable-liquid-insulated trans- 
formers can be used where a submersible unit is required. 
Air-insulated transformers that use no liquid and eliminate 
both the fire and explosion hazards are particularly suit- 
able for installations in buildings. 

Tn addition to providing for a primary switch and means 
for mounting a low-voltage protector, a network trans- 
former is carefully constructed to reduce the probability 
of internal faults. Submersible-transformer tanks are 
constructed to resist corrosion resulting from submersion. 
Resistance to corrosion is obtained by heavier tank bot- 
toms and cooling tubes, alloy hardware, and special paint. 
The size of a network transformer is made as small as 
possible, consistent with proper electrical construction, to 
save transformer-vault space. 

The High-Voltage Switch, with which a network 
transformer is generally provided, may be a two-position 
grounding switch, a two-position disconnecting switch, or 
a three-position disconnecting and grounding switch. The 
two-position grounding switch does not disconnect the 
transformer from its primary feeder; it short circuits and 
grounds the primary-feeder circuit at the transformer pri- 
mary terminals. From the standpoint of safety this type 
of switch is adequate but it has the disadvantage that 
dielectric tests on the primary-feeder cables must be made 
With the primary windings of the network transformers 
connected to the cable circuits. If these windings are delta- 
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connected and are properly insulated a high-voltage d-c 
test potential can be used on the feeder cables. Star- 
connected primary windings make it impractical to use 
this type of switch because it is then practically impossible 
to test the feeder cables without disconnecting the trans- 
former from the feeder cables. The tivo-position discon- 
necting switch facilitates testing the feeder cables but has 
the disadvantage that the feeder cable must be grounded 
separately Lo provide safe working conditions for repairing 
the cable. The three-position disconnecting and grounding 
switch provides both the safety of grounding the feeder 
cable and the convenience of disconnecting the transformer 
from the cable to facilitate testing the feeder cable. The 
three positions of this switch are ‘“Transformer,” “Open,” 
and “Ground.” In the “Transformer” position the feeder 
is connected to the transformer. In the “Open’’ position 
the transformer is disconnected from the feeder circuit. 
In the “Ground” position the primary feeder is discon- 
nected from the transformer and grounded. 

The primary switch is a manually operated device and 
generally is not capable of opening transformer exciting 
current. For that reason the switch usually is interlocked 
so that it cannot be operated unless the transformer is 
deenergized. Therefore, the feeder circuit must be deener- 
gized at its supply end to deenergize the transformers be- 
fore the disconnect switches can be opened. The sequence 
of operations of the three-position primary switch is ar- 
ranged so that to ground the primary feeder the switch can 
be moved to the “Ground”’ position only from the ‘‘Trans- 
former’ position. This sequence of operations prevents 
grounding an energized feeder circuit because if the feeder 
is energized with the switch in the “Open” position, the 
interlock locks the switch when the switch is moved to the 
“Transformer” position where it must be before being 
moved to the “Ground” position. In some cases, such as 
when radial loads are served from the same primary feeders 
that serve network transformers, it is desirable to be able 
to disconnect a network transformer from an energized 
feeder. For that purpose the primary disconnecting switch 
must be capable of opening exciting current and must be so 
inter-locked that it cannot be opened unless the associated 
protector on the low-voltage side of the transformer is opened 
to remove load from the transformer. A three-position 
switch for interrupting exciting current must have an addi- 
tional interlock to prevent grounding an energized feeder 
circuit. A three-position primary switch is shown on the 
right end of each network unit in Fig. 9. The high-voltage 
switch compartment usually is combined with a terminal 
chamber or potheads for terminating the primary-feeder 
cables. 

The Network Protector® is an electrically-operated 
air circuit breaker controlled by directional-tripping and 
voltage-reclosing relays. The breaker, the operating mech- 
anism, and the relays are assembled together to form a self- 
contained unit that in many cases is bolted to a throat, 
enclosing the secondary terminals, on the network trans- 
former. Such a protector is shown in Fig. 10 and on the 
left end of the network unit in Fig. 9. 

The basic directional-tripping function and the over- 
voltage-reclosing function of the network relaying are 
combined in one three-phase relay” called the master 
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network relay. The master relay is mounted in the lower 
left corner of the protector, Fig. 10. This relay is a watt- 
type induction relay. The master relay closes its closing 
contacts when the protector breaker is open and the volt- 
age of its associated transformer is slightly greater than 
and essentially in phase with the corresponding network 
voltage. The tripping contacts close when the protector is 
closed and a current in excess of the minimum setting of 
the relay flows through the protector from the network 
secondary mains to the transformer. 

The overvoltage-closing function of the master relay is 
usually modified by a phasing relay®’ so that the protector 
does not close if the voltage of the transformer being 
connected to the secondary grid appreciably lags the net- 
work voltage. This insures that the network protector 
closes only if the relationship between the transformer 
voltage and network voltages is such that power flows 
toward the network when the protector closes and does not 
immediately reopen because of the resulting current flow 
being in effect a reversed current. The phasing relay is 
mounted directly above the master relay in the protector, 
Fig. 10. 

It is desirable to have the network relays sensitive 
enough that the network protectors open on the exciting 
current of their associated transformers when the corre- 
sponding primary-feeder breaker is opened. This not only 
provides a simple means of periodically checking the opera- 
tion of the network protectors but also makes it unneces- 
sary to go to all the protectors associated with a particular 
feeder in order to deenergize the feeder for repairs. An- 
other advantage of sensitive tripping is that the protectors 
can isolate single-line-to-ground faults on a circuit supply- 
ing the network, when the primaries of the network trans- 
formers are connected in delta. However, in infrequent 
cases, such as when regenerative loads are supplied from 
the network, sensitive tripping will result in too frequent 
operation of protectors. In these cases the sensitivity is 
decreased for normal conditions by means of a desensitiz- 
ing relay. This relay permits the protector to trip on 
small reversed currents only after a predetermined time- 
delay and on large reversed currents without intentional 
time-delay. 

Primary Feeders—The primary feeders supplying a 
low-voltage network generally are radial circuits because 
the interconnection of the secondary mains and the opera- 
tion of the network protectors provide means of maintain- 
ing service to all loads on the network independent of the 
loss of any one feeder. In underground systems the feeder 
circuits are usually lead-sheathed cables. Both three-con- 
ductor and single-conductor cables are used. Three-con- 
ductor cables frequently are used for the main feeders be- 
cause of the lower cost. Single-conductor cables frequently 
are used for sub-feeders and laterals because single-conduc- 
tor cables facilitate making the large number of splices and 
joints required on these sections of feeders. 

The primary feeders to a secondary network may origi- 
nate at a distribution substation, at a bulk power sub- 
station, or at a generating plant. The primary feeders 
should originate at the same substation or at substations 
that are closely tied together® because the feeders are 
paralleled through the low-voltage secondary mains of the 
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network grid and angular voltage differences between 
primary feeders result in improper load division or cause g 
large number of protectors to open. Furthermore, if the 
feeders are supplied from more than one substation, it may 
be necessary to plan the network on the basis of one of a 
few substations instead of one of several feeders being out 
of service. For example, a network system supplied over 
four feeders from two single-transformer distribution sub- 
stations (two feeders per substation) has to be designed to 
carry the total nctwork load on half of the network trans- 
formers because of the probability of an outage of one 
substation. If all four feeders are supplied by one sub- 
station so arranged that power is always available at its 
low-voltage bus, it is reasonable to assume that the worst 
emergency condition is the loss of one of the four primary 
feeders. In this case three-fourths of the network trans- 
formers are always available to carry the total load. Much 
more reserve network transformer capacity is required in 
the former case than in the latter. If the feeders supplying 
network transformers originate at a distribution substation 
the subtransmission supply to that substation should be a 
subtransmission loop or grid and the substation should 
have duplicate transformers (See Chapter 20). The ar- 
rangement of the secondary network provides continuous 
service regardless of faults in network transformers cr pri- 
mary feeders. In practical operation the reliability of 
service from the secondary network is limited only by the 
reliability of power supply to the primary feeders supply- 
ing the network transformers. 

In many areas where the secondary network is appli- 
cable the total load frequently is sufficient for two or more 
subtransmission circuits. Network transformers usually 
are three phase and range from 150 to 600 kva. The addi- 
tional cost of using transformers rated for subtransmission 
voltages instead of for the lower voltages generally used 
for radial primary feeders is fairly small. These two factors 
make it economical to supply a secondary-network system 
over radial subtransmission circuits and thus eliminate 
the distribution substation. In this case there is only one 
voltage transformation between subtransmission voltage 
and utilization voltage. In many cases these subtrans- 
mission circuits originate at a generator‘bus. This makes 
a simple distribution system with a direct path from gen- 
erators to consumer services. 

Automatic reclosing generally is not used on under- 
ground supply circuits in a network system for two rea- 
sons. The first is that faults in cable circuits operating at 
more than 600 volts seldom clear when they are deener- 
gized. The second reason is that in the network system 
it is not necessary to reenergize a supply circuit as quickly 
as possible to minimize service interruption because 4 
supply circuit fault does not drop any network load. 
Furthermore, the network system allows a faulted supply 
circuit to be repaired deliberately, using as much time an 
taking whatever precautions are necessary to insure a good 
repair job, without interrupting load. 

The secondary-network system is well adapted to bus- 
voltage regulation because the network load is divide 
almost equally among the feeders or subtransmission ci 
cuits supplying the network and consequently the same 
relationship betwcen bus voltage and load voltage is satis- 
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factory for all the network supply circuits. Feeder-voltage 
regulation seldom is used because of voltage differences” 
that may be introduced between feeders by the individual 
regulators. This is particularly true of three-phase induc- 
tion regulators because they may introduce an angular 
displacement as well as an in-phase voltage difference. 
Furthermore, bus-voltage regulation is generally more eco- 
nomical. When network feeders are supplied from a gen- 
erator bus, generator-voltage regulation can be used if the 
voltage variations required by the network loads are satis- 
factory for other loads served from the same generator bus. 


12. The Overhead Network 


The overhead secondary network® follows the same 
general pattern as the underground network and differs 
from the underground network primarily by having the 
secondary mains, network units, and in many cases the 
primary feeders overhead on poles. Extensions of the 
fringe of an underground network frequently are carried 
overhead in areas where underground construction is not 
used. The secondary mains are supported by racks or 
messenger cables. The network transformers and net- 
work protectors are mounted on poles or on platforms 
depending on the size of the network unit. In areas where 
overhead construction is used load densities are generally 
lower than in underground areas and the network trans- 
formers are correspondingly smaller. Transformer ratings 
most frequently used in overhead networks range from 50 
to 150 kva. The network protectors! used in overhead 
network systems are generally smaller than protectors for 
underground systems but operate in the same way. Over- 
head secondary-network main conductors are smaller than 
underground-network main conductors and faults are 
burned clear as they are in the underground network. When 
the secondary-main conductors are mounted in the open 
on racks in the overhead network, a definite spacing is 
maintained between the conductors and faults are more 
easily cleared than in underground mains. The fault cur- 
rents required to clear faults‘on overhead secondary mains 
are shown in Table 2. 


13. Operation of the Secondary Network 


Normally all primary feeders of the network system are 
in operation and carry a proportionate share of the total 
network load according to the transformer capacity served 
by each feeder. Each load on the network is supplied by 
not less than two paths and the load inherently divides so 
that the best possible voltage is maintained at all points 
in the network grid. As loads change, the division of load 
changes so that equal voltage drop is maintained from 
adjacent transformers to every point on any interconnect- 
ing main. Thus, for any given load conditions the least 
possible voltage drop to services is obtained. Since there 
are at least two paths of supply to any load tap in the 
secondary grid, abrupt changes of load—such as starting 
large motors*-®—cause less voltage disturbance in a net- 
work system than in a system having radial secondary 
mains, even if the raclial system were designed for the same 
steady-load voltage drop as the network system. 

Faults in Secondary Mains are burned clear as ex- 
plained previously in the description of the network 
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secondary mains. Most of these faults either are arcs or 
have less thermal capacity than the secondary-main con- 
ductor; this type of fault is cleared quickly without inter- 
rupting loads. A few faults have high thermal capacity 
and must be cleared by fusing the conductor between the 
fault and adjacent junction points in the grid. Such faults 
may result in dropping all the load on one section of sec- 
ondary main. However, such faults occur infrequently. 

Primary-Feeder Faults are cleared by opening the 
breaker at the supply end of the faulted feeder and opening 
all the network protectors in network units associated with 
the faulted feeder. None of the load is dropped and the 
total load divides among the remaining feeders. When the 
faulted supply circuit is repaired it is returned to operation 
by closing its breaker. When the feeder is reenergized with 
the correct voltage, the protectors that opened because of 
the fault reclose and the feeder again carries its share of the 
load. A transformer fault is isolated in the same manner as 
a primary-feeder fault. If the transformer is equipped with 
a high-voltage disconnecting switch the faulted trans- 
former can be switched off the deenergized feeder and that 
feeder can be returned to service. However, this is not 
necessary, if the transformer can be replaced in a reason- 
ably short time, because the network system must be 
capable of carrying the total network load with any one 
feeder out of service. 

Under emergency conditions with one feeder open the 
load is distributed among the network units supplied by 
the feeders remaining in operation. Under these conditions 
the voltage regulation at some points in the network, par- 
ticularly those where a network unit is disconnected from 
the grid, will not be as good as under normal conditions. 
The amount by which the voltage drop under emergency 
conditions exceeds that for normal operation depends to a 
considerable extent on the uniformity of the load distribu- 
tion among the network units during an emergency. 

Load Division— The uniformity of load division 
among the network units for either emergency or normal 
operation depends on the ratio of the impedance of a 
section of secondary main to the impedance of a network 
transformer. The load division between transformer banks 
on a network generally is satisfactory if the ratio of main- 
to-transformer impedance is three or less and if the trans- 
formers are correctly selected as to size and properly 
located with respect to the major loads on the network. In 
general, load division under normal operating conditions 
has not proved to be a serious problem on network systems 
because, when enough transformer capacity is provided to 
prevent overloading with a primary circuit out of service, 
there is sufficient capacity to take care of the normal differ- 
ence in loading of the banks. If in isolated cases a bank 
of transformers is carrying much more than its share of the 
load, this can be corrected by installing a larger bank, a 
duplicate unit, or external reactors® in series with the 
existing bank on the secondary side. 

The choice of transformer impedance for the network 
unit depends on its effect not only on load division but 
also on fault currents, circulating currents, and voltage 
regulation. Other things being equal, the lower the im- 
pedance of the transformers the better the voltage regula- 
tion, the higher the fault currents, the higher the circulat- 


708 


ing currents between primary feeders, and the poorer the 
load division between transformer banks. Improved volt- 
age regulation and, in most cases, higher fault currents to 
insure burning secondary faults clear favor the use of low- 
impedance transformers. High transformer impedances, 
such as seven to ten percent, have been used, particularly 
in early installations of the secondary network, to improve 
load division and to reduce circulating currents between 
banks at times of light load and the resultant undesirable 
network-protector operations. Circulating currents are 
caused by voltage differences between primary feeders, 
resulting from such factors as supplying the feeders from 
different buses, differences in fecder-voltage regulators, or 
tapping large radial loads off one or more of the network 
primary feeders. Relatively high impedance in the sec- 
ondary mains between low-impedance transformers re- 
duces the circulating current but results in poorer distribu- 
tion of load between transformer banks, both under nor- 
mal conditions and when one primary feeder is out of 
service, than would be the case if lower-impedance sec- 
ondary mains were used. Generally a network-transformer 
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Fig. 11—Effect of interlacing primary feeders on load division 
among the network units remaining in service in a regularly 
spaced uniformly loaded network when one feeder is out of 
service. (a) Five feeders, A, B, C, D, and E, running parallel 
through the network area. (b) Five feeders, A, B, C, D, and E, 
interlaced in the network area. (c) Maximum load on any 
network unit with any one feeder, out of a total of five supply- 
ing the network, out of service: Curve A for parallel feeders 
and Curve B for interlaced feeders. 
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TABLE 83— RELATIONSHIP BETWEEN TRANSFORMER CAPACITY 
AND PEAK LOAD IN A SECONDARY-NETWORK SYSTEM 
—— eee 


Ratio of Peak Load To Transformer Capacity 
Number of Feeders 
Ideal Usually Attainable 
2 0.50 0.40 
3 0.67 0.54 
4 0.75 0.58 
5 0.80 0.60 
6 0.83 0.61 
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impedance of about five percent provides satisfactory oper- 
ating conditions. The majority of network transformers 
in operation have impedances ranging from four to six 
percent.® If an impedance outside this range appears de- 
sirable, the effect on voltage regulation and lamp flicker 
should be carefully considered. 

Interlacing Supply Circuits—The maximum load on 
transformers in a network system when one feeder is out 
depends not only on the ratio of secondary-main imped- 
ance to transformer impedance but also on the pattern of 
the primary-feeder connections to the transformers in the 
network. This latter effect is illustrated in Fig. 11 for a 
uniformly loaded, regularly spaced network. Tivo ex- 
tremes of primary feeder routing are shown in Figs. 11(a) 
and 11(b). One extreme is the parallel primary-feeder 
arrangement in which all transformers along one line of 
secondary mains are connected to one primary feeder as 
shown in Fig. 11(a). The other extreme is the interlaced 
primary-feeder arrangement in which each transformer 
connected to one feeder is surrounded by transformers, at 
adjacent junction points, that are connected to other feed- 
ers. The curves in Fig. 11(c) show that the maximum 
transformer load when one feeder is out of service is con- 
siderably less, for all practical impedance ratios, with inter- 
laced feeders than with parallel feeders. 

Ratio of Load to Transformer Capacity—In order 
to avoid overloading the transformers in a network it is 
necessary to provide enough capacity in the network units 
so that the maximum loading on any unit*when one feeder 
is out of service does not exceed the capacity of the unit. 
The necessary installed capacity depends on how well the 
load divides among the units as determined by impedance 
ratio and feeder interlacing and on the number of feeders 
supplying the network. Under ideal conditions it is neces- 
sary to have twice as much transformer capacity as total 
load in a network served by two primary feeders, so that 
the network units served by one feeder can carry the total 
load when the other feeder is out of service. For networks 
supplied by six feeders or less it is reasonable to assume 
that not more than one feeder will be open at any time 
during peak load. Table 3 gives the ideal ratio of peak 
load to total transformer capacity in a network for two to 
six interlaced feeders. Increasing the panier of feeders 
from two to three and from three to four improves the 
ideal ratio rapidly; but, as the number of feeders is in- 
creased further, the saving in transformer capacity de- 
creases so that there is little gain in using six feeders 1n- 
stead of five. This is especially true for the ratio that usu- 
ally can be attained. The ideal ratio can be realized only 
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if the transformers can be loaded exactly to their capacities 
and if the load divides uniformly among the units in 
service at any time. These conditions do not occur in 
practice and the ratio that actually is obtained is usually 
about that shown in the right hand column of Table 3. The 
ratio of total peak load to total transformer capacity of 121 
networks in 1937 was 0.44.% This value is based on exist- 
ing load and transformer capacity; the transformer capa- 
city in the actual networks probably provides for some 
load growth beyond the existing loads. The factors in 
Table 3 are based on loads for which a network is designed 
and which include provision for load growth. If allowance 
is made for this discrepancy, the ratio of 0.44 is compara- 
ble to the average of the attainable ratios in Table 3. 


14. Economic Field of Application 


The simplicity of the secondary-network system is an 
economic advantage in many cases. In many distribution 
systems subtransmission circuits can be carried directly 
from bulk power stations to the distribution or network 
transformers. This means that a considerable saving can 
be made by eliminating the distribution substation nor- 
mally required by other systems. Another source of sav- 
ings results from eliminating the duplication of primary 
feeders or subtransmission circuits and the accompanying 
high-voltage switchgear required in radial systems to pro- 
vide a high degree of reliability. Secondary copper can be 
saved in many cases because the interconnected grid elim- 
inates the need for separate secondaries frequently required 
in radial systems for light and power loads. Capacity can 
be added in the secondary-network system in even smaller 
increments than in the primary network. The economic 
advantage of adding small increments, as explained in the 
discussion of the primary network system, is more pro- 
nounced for the low-voltage network than for the primary 
network. 

The relatively large amount of secondary switchgear, 
in the form of network protectors, tends to make the in- 
stalled cost of the network system higher than that of a 
radial system and counteracts part of the gain from the 
simplicity of the subtransmission and primary-feeder part 
of the secondary-network system. Interlaced primary 
feeders in the secondary-network system require more 
feeder circuit than do parallel feeders. They may require 
more feeder circuit than a radial system using duplicate 
feeders or primary switching to provide for isolating a 
faulted primary feeder or section of feeder. The additional 
feeder circuit required by interlacing usually is compen- 
sated for by the saving in network-transformer capacity. 
The use of primary switches in the network units counter- 
acts some of the savings resulting from the elimination of 
many automatic breakers in the subtransmission circuits 
or primary feeders. 

The low-voltage network generally has an economic ad- 
vantage from the standpoint of operating costs. System 
losses are generally lower in the secondary network than in 
other systems of comparable load capacity chiefly because 
of two factors. One of these is the simplicity of the sub- 
transmission circuits and primary feeders and, in many 
cases, the elimination of the distribution-substation trans- 
formers. The other factor is that, since there are at least 
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two paths of supply to each service tap, the load currents 
divide among the secondary mains in such a way that min- 
imum losses are obtained for any given load condition. 
Maintenance and repair work on the system can be done 
under the most favorable conditions because any element 
in the system, except secondary mains, can be isolated from 
the system without interrupting any load. One operating 
disadvantage is the large number of network protectors 
that must be maintained. 

The interconnected secondary grid places the duplica- 
tion of supply paths as close as possible to the loads being 
served. For this reason the secondary-network provides 
better continuity of service than any other distribution 
system except the d-c network system. The high cost of 
the d-c network system eliminates it from consideration in 
the selection of a distribution system especially since it 
affords no greater reliability than the a-c secondary net- 
work. The grid arrangement of the secondary mains also 
provides the best possible voltage conditions at the loads 
consistent with economical system design. The voltage 
regulation at the service taps on a secondary network sys- 
tem generally is better than that provided by other sys- 
tems. This is particularly true from the standpoint of 
lamp flicker because abrupt load changes can divide be- 
tween at least two paths of supply. 

Generally if high quality of service is required in any 
load area the secondary-network system is the most 
economical means of supplying power. Under certain con- 
ditions the secondary-network system is the most eco- 
nomical system even when a high degree of reliability is 
not necessary. This is generally true where the entire 
distribution system is underground because a radial sys- 
tem requires many switching and sectionalizing devices 
and duplication of subtransmission circuits and primary 
feeders to avoid long interruptions of service while cable 
circuits are being repaired. Faulted overhead circuits 
usually can be returned to service in a reasonably short 
time, but a much longer time is required to locate and re- 
pair a fault in a cable circuit. The economic comparison™ 
of typical distribution systems shown in Fig. 4 shows that 
if all distribution circuits are open-wire the overhead net- 
work is likely to be the least expensive system for uniform 
load densities above about 3000 kva per square mile. A 
similar comparison” of systems in a uniformly loaded area 
where all subtransmission and primary circuits are under- 
ground, as shown in Fig. 12, indicates that in such load 
areas the overhead netivork (Curve E), may be economical 
for load densities above about 3600 kva per square-mile. 
The comparisons shown in Figs. 4 and 12 are based on an 
area of sixteen square miles in which the load is assumed to 
be uniformly distributed and to grow uniformly at a con- 
stant rate of ten percent per year. Although such uniform 
conditions do not occur in actual cases the comparisons 
show trends that are likely to occur in actual cases. In 
actual cases the load generally is not uniformly distributed 
and the load growth usually varies from year to year and 
from section to section. The fact that the secondary net- 
work can be expanded in small increments is of greater 
advantage under such conditions than under uniform load 
conditions, as explained in connection with the primary- 
network system (See sections 6 and 7). This factor is 
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Fig. 12—Relative cost of several types of distribution systems, 

for various load densities in a sixteen-square-mile area where 

the uniformly distributed load grows ten percent per year, on 

the basis of all subtransmission and 4-kv primary feeders 

underground and secondaries overhead. See Fig. 4 for the 
type of system represented by each curve. 


even more important in the secondary network than it is 
in the case of the primary network because the secondary- 
network units are smaller than those in the primary net- 
work and system capacity can be changed in correspond- 
ingly smaller increments. 


15. Planning the Secondary Network 


The planning of a network system is not as straight- 
forward as that of a radial system but the procedure is 
relatively simple." The ideal method is to use a calcu- 
lating board because it is-practically impossible to calcu- 
late the characteristics of a network by other means. As 
in any planning problem, it is necessary to have adequate 
information (loads, available supply, existing facilities, 
and available circuit locations) on which to base the 
design of a network. With this information available the 
procedure then is to lay out by estimation an apparently 
feasible plan. This plan is then studied on a network 
calculator or by inspection and revised until a good design 
is obtained. 

Preliminary Estimates—In a radial system primary 
and secondary circuits can be laid out and regulation, 
transformer capacity, and circuit capacity can be calcu- 
lated directly by arithmetical means. This is not true in 
the case of the network because the loads divide among 
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the various transformers and primary circuits in such a 
way that calculations of the characteristics of the system 
by ordinary methods become tedious. There are two 
general methods of planning a network system. One is to 
use a network calculator or a miniature system™ to de. 
termine the characteristics of an estimated system arrange. 
ment and then make such revisions as are required. The 
other method is to estimate a plan and then by inspection 
estimate the division of load for various conditions; the 
plan is then revised until the estimated load division giveg 
satisfactory conditions. ‘The first method is more satis. 
factory because it shows accurately the operating charac. 
teristics of the plan being considered while the accuracy of 
the estimation-by-inspection method can be determined 
only after the system has been installed. The network. 
calculator method is described briefly in the following 
paragraphs. 

The first step is to concentrate the loads, in the proper 
units, at various points throughout the network so that a 
reasonable number of circuit elements can be considered. 
In order to do this the secondary-main arrangement that 
appears best should be drawn. This step is illustrated by 
the mesh of solid lines in Fig. 13 for a section of a typical 
network area. The numbers distributed inside tHe dotted 
building areas in Fig. 13 are present loads at service points 
and are in terms of diversified kilowatt demand at the 
distribution transformers. After the secondary grid is 
drawn the distributed loads along each section of main are 
concentrated at the junction points. A good approxima- 
tion is to divide each load between the adjacent junctions 
in inverse proportion to the distances between the load and 
the junctions. After these loads are concentrated at junc- 
tion points they are converted to ultimate kva of diversified 
demand, at the transformers, for which the network is to 
be designed. In the typical example the present loads are 
increased by a factor of 1.4, providing for 25-percent load 
growth (or approximately seven percent annually for three 
years) and converting from kilowatts to kva at 90-percent 
power factor. The loads are then of such size and so 
located that they can be represented or? a network calcu- 
lator conveniently, and they accurately represent load 
conditions in the network area for which the network must 
be designed. Where a large individual load is served from 
a point along a section of main it is preferable to consider 
that load at that point and possibly locate a transformer 
adjacent to the load, even if there is no junction with other 
secondaries. This condition is illustrated at point e in 
Fig. 13. The load near some points, such as 7, may be so 
light that a concentrated load need not be considered but 
secondary mains should be provided to insure good load 
division among the various parts of the network for 
emergency conditions. ; ‘ 

The layout of the secondary grid is|made on the basis 
of the locations of the loads that must be served and the 
routes of existing secondary mains. In most cases existing 
secondaries almost completely cover the area and it 18 
only necessary to connect these secondaries into a contiN- 
uous grid. In some places it may be desirable to adi 
sections of main to provide multiple paths to certain loads 
for emergencies when adjacent transformers are out 0 
service. 
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Fig. 13—Present distributed loads along the secondary main, in terms of kw of diversified demand at the distribution trans- 
former, and the corresponding concentrated loads at the intersections of the mains, in terms of diversified kva demand includ- 
ing estimated load growth, form the basis for designing a secondary network in a typical load area. 


When the loads and secondary plan have been deter- 
mined the approximate sizes and locations of transformers 
can be selected. The transformer size will depend on the 
type of system, size of concentrated loads, number of 
feeders available, the feeder interlacing obtainable, and 
spacing of the transformers. In general, the larger the 
transformer the lower the cost per kva and the wider the 
spacing between transformers in the network. But as this 
spacing is increased the secondaries must be larger to keep 
secondary voltage drop within reasonable limits and to 
provide adequate carrying capacity. As the number of 
transformers is reduced less primary cable is required. 
The ideal size of transformer then is that which not only 
handles the loads but also gives a minimum total cost 
including costs of primary feeders, transformers, and 
secondary mains. In the initial trial plan for the network 
the transformers should be located at the major loads and 
at the various junctions where the concentrated loads are 
large enough so that the distance between transformers is 
not greater than about two blocks or 600 to 800 feet. 
Usually the spacing is less than this because of the locations 
of loads. It is generally desirable to select not more than 
two sizes of network transformers. This permits stocking 
fewer spare transformers and protectors. Also, inter- 
changeability of units and parts is increased by using only 
one or two sizes. At points where large concentrated loads 
are served it is desirable to use multiple installations con- 
sisting of two or more transformers rather than one trans- 
former much larger than the rest of the units. This avoids 
a large number of sizes and the use of a few units of a size 
that is not interchangeable with any of the predominating 


sizes. In addition, multiple unit installations improve load 
distribution and voltage regulation at the large loads for 
emergency conditions. 

After tentatively selecting sizes and locations of trans- 
formers a size of secondary main is selected. This size de- 
pends on the required carrying capacity, estimated regu- 
lation, and size of existing secondary copper. The carrying 
capacity should be adequate to carry one-half to two- 
thirds of the rated capacity of the predominating size of 
transformer. The voltage regulation for normal operation 
can be estimated by calculating the voltage drop to the 
distributed loads along some sections of main where in- 
spection indicates the worst regulation is likely to prevail. 

The primary-feeder connections to the various trans- 
formers must be carefully selected to avoid, if possible, 
adjacent transformers being out of service when any one 
feeder is open. This is accomplished by interlacing the 
primary feeders. In a network plan where the trans- 
formers are spaced regularly and uniformly throughout 
the area the interlacing of feeders, such as A,B,C,D, and 
E, can be shown in Fig. 11(b). In actual interlacing 
problems the network units are seldom regularly spaced. 
However, the interlacing is simplified by using some basic 
system, such as that illustrated in Fig. 11(b) and modify- 
ing the order of the feeder connections where necessary 
because of the absence of @ transformer or the use of 


“multiple units. When the interlacing has been selected, 


a map of primary feeder routings is made. It may be pos- 
sible to change some of the feeder connections to save 
feeder cable and still retain good interlacing. 

By means of the preliminary estimates the location and 
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ratings of transformers, feeder interlacing, secondary-grid 
arrangement, and secondary-copper size are selected so 
that a reasonable network plan is established. This plan 
can then be simulated on the network calculator on the 
basis of the impedances of the various circuit elements. 
The impedance of the primary feeders is usually low enough 
that its effect on the characteristics of the network is 
negligible. The impedance of a primary feeder is usually 
not larger than about 0.5 percent on the basis of the rating 
of the largest network transformer or about one-tenth of 
the impedance of the transformer. Every case should be 
checked and if the primary-feeder impedance exceeds this 
value it may be necessary to consider the impedance. 
Whether or not the primary-feeder impedance is considered 
also depends on the primary-voltage regulation. If the 
drop in the primary can be compensated for so that ap- 
proximately constant primary voltage is maintained at 
the primary terminals of the network transformers the 
primary-feeder impedance should not be considered in 
load studies. 

Checking the Preliminary Plan—With the estimat- 
ed plan set on the network-calculator, check studies can 
be made to determine the accuracy of the preliminary 
estimates. It may be necessary to change transformer 
capacities or locations, interlacing, or secondary copper to 
avoid overloading or inadequate use of some elements of 
the network. Then with a final plan determined, the 
characteristics of the network can be completely and ac- 
curately determined by means of the network calculator. 

All reasonable operating conditions should be investi- 
gated. For example, the load division among the network 
units should be determined with each primary feeder out 
of service. Typical load division results obtained from 
the network calculator are shown in Fig. 14 for the typical 
area for the case when feeder “‘A”’ is open. By means of the 
network calculator the maximum load on any element of 
the network, the voltage regulation under various condi- 
tions, and the available fault currents can be determined. 
These data show whether any of the elements of the net- 
work are overloaded and whether secondary faults can be 
cleared. Necessary revisions of the plan can then be made 
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Fig. 14—-Loads in amperes in various elements of a typical sec- 
tion of a secondary network in an emergency when feeder A is 
out of operation. 
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Fig. 15—Short-circuit currents in regularly spaced network 
for various ratios of the impedance of a section of secondary 
main to the impedance of a network transformer. (a) An ex- 
tensive network having 45 network transformers all with the 
same rating. (b) A small network having nine transformers 
all with the same rating. (c) Ratio of total fault current from 
the network to the short-circuit current of one of the network 
transformers for a solid three-phase fault at the secondary 
terminals of the transformer at the center of the network. 
Curve A is for the network shown in (a) and Curve B is for the 
network shown in (b). 


and a workable design developed. The sum of the loads 
on the transformers connected to any primary feeder 
indicates the required capacity in that feeder. 

The network calculator provides the best means of de- 
termining the fault currents in a network. However, } 
approximations are necessary, the curves in Fig. 15(c) show 
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the current to a fault at the center of large and small net- 
works having regularly-spaced equal-capacity network 
units. The curves give the ratio of the total current from 
the network to the short-circuit current of a network trans- 
former. As indicated by the curves the ratio Increases as 
the ratio of secondary-main impedance to transformer 
impedance decreases. Total current from the network 
does not include the current from the transformer at the 
fnult point. The total fault current from the network 
divides equally among the four secondary mains terminat- 
ing at the faulted junction point. One or the other of the 
arrangements shown in Fig. 15(a) or 15(b) usually approxi- 
mates the actual network arrangement where fault cur- 
rents are to be estimated. To use the curves it is first 
necessary to determine the average impedance of the 
network-main sections surrounding the fault point. The 
ratio of this impedance to the impedance of a transformer 
in the actual network is the entry point to the curve for 
determining the C ratio of the network, Fig. 15 (a) or (b), 
that approximates the actual network. Multiplying the 
short-circuit current of the transformer, whose impedance 
is the basis of the main-transformer impedance ratio, by 
C ratio gives the total fault current supplied by the net- 
work. In a network having only one size of transformer 
the impedance and short-circuit current of that size trans- 
former is used for calculating fault currents. If there is 
more than one size of transformer in the actual network 
the predominating size is used. The fault currents de- 
termined in this way are correct only for a network ar- 
rangement like that in Fig. 15(a) or 15(b) for which the C 
ratio is determined. The effect of minor deviations from 
the regularity of the arrangement will depend on how 
close the deviation is to the fault point. The effect of 
deviations remote from the fault point is indicated by the 
fact that each main a, Fig. 15(a), carries 3.5 percent of the 
total fault current from the network when the impedance 
ratio is 0.5 and a smaller percentage when impedance ratios 
are higher. Each transformer 7 supplies less than three 
percent of the fault current from the network for any 
impedance ratio. 


16. Special Applications 


The high degree of reliability, the simplicity of opera- 
tion, and the economy of the secondary-network system 
are desirable in several special cases such as in large or 
multi-story buildings, bulk loads where continuity of 
service is important, in generating plants for supplying 
auxiliary motors, and in industrial plants. The application 
of the secondary network in some of these cases involves 
modifications of the network system but the basic prin- 
ciples of operation remain unchanged. 

Building or Vertical Networks—Fire pumps, eleva- 
tors, and similar services in tall buildings require a high 
degree of reliability that can be provided most economical- 
ly by a secondary-network system.#”*48 Such buildings 
are almost invariably located in an underground-network 
area. Network units are located at several levels accord- 
ing to the location and size of the major loads in the build- 
ing. The primary feeders or subtransmission circuits that 
supply the street network surrounding the building are 
extended up through the building to the various network 


units. The network units in the building are interconnect- 
ed by secondary ties that usually are connected to the 
secondary-network grid in the streets adjacent to the 
building. In some cases the secondary ties between the 
network units in the building do not serve any loads and 
the loads on the various floors between network units are 
supplied by short radial services from the network units. 
In other cases the tie circuits are tapped to serve the 
loads on the floors between network-unit locations. The 
tapped secondaries may have to be somewhat larger than 
untapped ones because the tapped ties have to supply 
loads as well as equalize the loads on the various network 
units. However, tapping the secondary mains between the 
network units eliminates the radial service circuits required 
when the ties are not tapped. 

The secondary network uses considerably less copper 
than does a radial system because power is carried to the 
various levels in the building over subtransmission or 
primary-feeder circuits instead of over large low-voltage 
services from secondary mains outside the building. Fur- 
thermore, the network generally provides better voltage 
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Fig. 16—Typical spot networks. (a) Two network units sup- 
plying a spot network bus from which services are tapped. (b) 
Two network units connected to spot-network bus through 
reactors. Services are supplied directly from terminals of net- 
work units. (c) Two network units supplying a spot-network 
bus through balancing transformers. Any of these forms of 
the spot network may or may not be connected to the sec- 
ondary mains of a street network. 
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conditions, particularly in the upper floors of the building, 
and less loss because of the reduction in the length of low- 
voltage, high-current circuits. The secondary network 
utilizes all the diversity among the loads in the building to 
reduce the circuit and transformer capacity required to 
supply the building load. 

The Spot Network is frequently used to supply a 
concentrated load such as a theater, a hospital, or a small 
industrial plant where a high degree of reliability of serv- 
ice is necessary.” In its simplest form a spot network is a 
bus to which power is supplied by two or more network 
units, each of which is supplied by a separate primary 
feeder or subtransmission circuit, Fig. 16(a). The opera- 
tion of the spot network is the same as that of the ordi- 
nary network. Instead of an interconnected grid of 
secondary mains the spot network uses a concentrated 
bus from which the loads are served. 

Since a spot-network is a relatively low impedance path 
between the associated supply circuits large circulating 
currents through the spot-network units, frequent pro- 
tector operations, or extremely unequal load division 
among the spot-network units may result from large 
voltage differences between the supply circuits because of 
other loads on those circuits. The most common methods 
of reducing circulating currents and equalizing load di- 
vision are shown in Figs. 16(b) and 16(c). Reactors are 
relatively inexpensive but their use depends on the prac- 
ticability of dividing the load into parts approximately 
proportional to the transformer capacities. Because the 
network units usually are of equal rating the loads on the 
services must be nearly equal. In the scheme shown in 
Fig. 16(b) the voltages at the services are not necessarily 
equal and each service must be metered separately. Total- 
izing the loads, where that is necessary, requires complicat- 
ed equipment. Starting large motors on one of the services 
is more likely to cause lamp flicker in the scheme in Fig. 
16(b) than in a scheme where the services are supplied 
from a common bus. 

To avoid the difficulties involved in the use of reactors, 
balancing transformers” frequently are used as shown in 
Fig. 16(c) although they are more expensive than reactors. 
The balancing transformers operate like differentially 
connected current transformers in the secondary leads of 
the network units. Equal load currents in the leads of the 
network units induce voltages in the differentially con- 
nected secondary windings of the balancing transformers. 
These voltages add and cause a circulating current in the 
balancing-transformer secondaries. This circulating cur- 
rent is in such a direction in each transformer that it 
essentially neutralizes the magnetomotive force due to the 
load current flowing through the primary winding of each 
balancing transformer, and there is practically no voltage 
drop in the balancing-transformer primary windings to 
oppose the flow of load current. If only a circulating cur- 
rent flows in the secondary leads of the network units, 
that is, toward the spot-network bus from one unit and 
from the bus to the other network unit, the voltages in 
the balancing-transformer secondary windings oppose each 
other. Therefore, there is no current in the balancing- 
transformer secondaries, and there is a large voltage drop 
in the balancing-transformer primaries opposing the flow 
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of circulating current through the network units, The 
secondary winding of a balancing transformer must be 
short circuited, when its associated network Protector 
opens, to prevent high voltage drops in other balancin 
transformers interconnected with the balancing trang’ 
former whose primary circuit is open. 

The use of balancing transformers permits taking gery. 
ices from a common bus. It is not necessary to have equal 
loads on the services. The service loads can be totalized by 
current transformers and simple metering equipment using 
the common bus potential. Motor starting currents and 
similar abrupt loads divide between the network units thug 
reducing the likelihood of lamp flicker. Balancing trang. 
formers are generally used only when circulating currents 
and consequent protector operations are likely to occur 
frequently because of voltage differences between the cir- 
cuits supplying the network units. Inequalities of load 
division among the network units usually do not justify 
balancing transformers because sufficient network-unit 
capacity must be installed so that the total load can be 
carried with onc unit out of service. 

When a spot network is located in a secondary-network 
area the spot network bus is frequently tied to the street 
mains of the surrounding secondary network as shown in 
Fig. 16. This may improve the reliability of the spot 
network. It takes advantage of diversity between tho 
spot-network load and the loads on the surrounding net- 
work to reduce the capacity required in the spot network. 

Power-Plant Networks—The continuous operation 
of a steam generating plant depends not only on tho 
reliability of the generators and boilers but also on the 
reliability of the auxiliaries such as draft fans, fuel han- 
dling equipment, boiler-feed pumps, and cooling-wator 
pumps. Therefore it is extremely important that tho 
power supply for the motors driving the auxiliaries be as 
reliable as possible. Many schemes are devised to improve 
the reliability of the power supply to the auxiliaries. Theso 
schemes use duplicate buses, duplicate transformers, 
throw-over switching, and various other devices. In many 
cases a secondary network is ideal not only from tho 
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Fig. 18—A low-voltage network unit consisting of an air- 

cooled transformer, a high-voltage three-position selector 

switch, and a network protector for use in industrial plants, 
generating plants, and buildings. 


standpoint of service reliability but also from the stand- 
point of economy.” A typical arrangement of the net- 
work system for supplying power-plant auxiliaries is shown 
in Fig. 17. The network mains are carried through the 
plant according to load locations and the loads are sup- 
plied from these mains. The network units are distributed 
along these mains in accordance with the distribution of 
load. Two or more primary feeders are used to energize 
the network transformers. 

It is necessary to have two or more circuits supplying 
the network. To avoid using a breaker to connect each 
of the primary feeders of the network to the plant bus 
where the interrupting duty and the corresponding breaker 
cost are high, the primary feeders frequently are connected 
to the generator terminals as shown in Fig. 17. The hazard 
of a fault in a short primary feeder and the associated 
network unit or units usually is small enough that it does 
not jeopardize the operation of the generator. However, 
there must be at least one network supply circuit con- 
nected to the station bus or an outside source of power so 
that the plant auxiliaries can be energized when all the 
generators are idle. The network protectors associated 
With a feeder supplied from the terminals of a generator 
must be interlocked with the generator breaker so that 
when the breaker is open the protector is locked open. 
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Otherwise the protectors may close and attempt to 
parallel a generator with other generators through the 
network system. 

The utilization voltage for power-plant auxiliaries 
usually is nominally 440 volts. Since faults on circuits 
operating at that voltage frequently do not clear with- 
out being deenergized, limiters are connected in the 
secondary mains of a secondary network operating at 
that voltage. The auxiliary load in a generating plant 
is highly concentrated and consequently the possible 
short-circuit currents in a power-plant secondary-net- 
work system are usually much higher than in the 
ordinary street network. 

Small Towns—In the commercial areas of small 
residential towns it is sometimes necessary to put the 
distribution circuits underground. Under these con- 
ditions the secondary-network system has been ap- 
plied in many places where the load involved is only a 
few hundred kva.* These installations generally use 
light-duty network protectors and network trans- 
formers ranging in capacity from 50 to 150 kva. 
These small networks are usually supplied by only 
two primary feeders; in fact the supply circuits for 
the network units usually are subfeeders from over- 
head primary feeders that supply adjacent residential 
areas. In some cases the voltage level on one of the 
feeders is maintained enough higher than the other 
that the protectors associated with the other feeder 
are open under normal-load conditions and close only 
when the feeder with the higher voltage goes out of 
service or when an unusually high load peak occurs 
on the network. 

Industrial Plant Networks—The secondary-network 
system, Fig. 19, has been used to distribute power in in- 
dustrial plants®.”°.72 where a high degree of reliability and 
flexibility for load changes frequently are required. The 
utilization voltage most frequently used in industrial 
plants is a nominal voltage of 440 but it may be 220 or 550. 
For the voltages above 220 some means of isolating faulted 
secondary tie circuits is necessary because faults at those 
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Fig. 19—Typical schematic diagram of a secondary network for 
distributing power in an industrial plant. 
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Fig. 20—A complete power system is a combination of generation, transmission, and several types of distribution systems. 
The particular combination of distribution systems used in any power system depends on economics and the types of loads, 
load densities, and quality of service required in local areas. In this diagram A is a generating plant, B is a bulk power sub- 
station; C is a plant where an industrial-plant network is applicable; D is an industrial plant served by a subtransmission 
loop; E is a plant served by a single subtransmission circuit; F is a plant served by duplicate subtransmission circuits; G is 
a distribution substation supplying radial primary feeders: H is a primary-network unit substation: J is a single-circuit 


distribution substation supplying a primary feeder in a rural area. 


voltages frequently do not burn clear. Furthermore, the 
arcing and noise accompanying a secondary fault that 
burns clear are likely to disturb the personnel in a plant 
where the secondary ties usually are overhead in conduit 
or similar enclosures. Therefore, limiters or similar pro- 
tective devices should be used in the secondary ties of an 
industrial-plant network as shown in Fig. 19. 

One modification of the secondary-network system for 
industrial-plant applications is the use of a secondary loop 
instead of a grid. The load density in an industrial plant 
is high compared to that in urban areas where networks 
are applied. For that reason the transformer capacity and 
the corresponding fault current available is much higher 
in an industrial-plant network system than that in street 
netivorks. Omitting cross ties in a plant network and 
using a simple loop for the secondary ties reduce the 
available fault current. The use of parallel circuits in the 
loop sections facilitates selective operation of the limiters 
for isolating secondary faults. 

Another modification of the network system generally 
used in the industrial-plant applications is a primary 
selector switch by means of which each network unit can 
be connected to either of two feeders. Frequently the total 
load on a plant network is not enough to justify more than 
two feeders. On the basis of street-network design this 
requires about two units of transformer capacity for each 
unit of load. By using the selector switch the transformer 
normally supplied by a faulted feeder can be switched to a 
good feeder, thus keeping all the transformer capacity in 
operation. It is necessary to have only enough reserve 
transformer capacity to permit any one transformer to be 
out of service because of a fault or for maintenance. In an 
industrial plant where the transformers are all in a small 
area the switching can be done quickly enough that the 
thermal capacity of the transformers permit them to carry 
the overload that occurs while the deenergized transform- 
ers are being switched back into service. 
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CHAPTER 22 
LAMP FLICKER ON POWER SYSTEMS 


Original Author: 
S. B. Griscom 


OLTAGE regulation has been one of the most im- 
V portant problems of the electric industry since its 
inception. The sizes of many parts of a power 
system are determined largely by this one consideration 
alone. A large proportion of the selling price of electrical 
power is the interest and other fixed charges on production 
and distribution facilities, so that any improvement in regu- 
lation is ultimately reflected in higher rates. Similarly, 
types of load imposing exceptionally severe regulation re- 
quirements will also increase the cost of supplying energy. 
In the early days of the industry, a relatively wide range 
of voltage variation was permissible, because the public 
was at that time unaccustomed to uniform lighting in- 
tensity. Today, there is a greater consciousness as to 
whether the voltage level is about right, as indicated by 
the “whiteness’”’ of the light and by lamp life. While, how- 
ever, a narrower voltage band is required than formerly, 
this is not always the limiting factor in voltage regulation. 
Numerous new devices have been added to power lines 
in the last few years, which impose rapid and frequent 
changes of load, with correspondingly rapid voltage 
changes. Repeated observations have shown that rapid 
changes of voltage are much more annoying than slow 
ones, so that ‘flicker’ effects may limit the useful load- 
carrying ability of individual circuits long before maximum 
steady-state regulation or heating is reached. 
Consequently, the voltage regulation problem must now 
be considered from two angles: the normal drop in voltage 
from light load to full load, and the superimposed flickers 
due to motor-starting and to various pulsating and ir- 
regular loads. The differences in voltage between light 
and full load affect the performance, efficiency, and life of 
electrical equipment, and are treated in Chap. 10. The 
present chapter considers only the flicker component of 
voltage regulation, and deals primarily with the reaction 
of the human eye to variations in electric light intensity. 


I. PERMISSIBLE FLICKER 


The permissible amount of flicker voltage cannot be 
stated concisely for several reasons. There is first the 
human element; one individual may think objectionable 
a flicker not perceptible to another. The lighting fixture 
used is of considerable importance. Smaller wattage in- 
candescent lamps change illumination more quickly upon 
a change of voltage than lamps with heavier filaments. 
The character of the voltage change is also important. 
Cyclic or rapidly recurring voltage changes are gencrally 
more objectionable than non-cyclic. On non-cyclic changes 
the annoyance due to the flicker is affected by the rate of 
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change, duration of change, and frequency of occurrence of 
the flicker. These and other factors greatly complicate the 
problem of assigning limits to permissible flicker voltages. 
Numerous investigators have studied the flicker prob- 
lem. The most complete analysis is found in the report 
“The Visual Perception and Tolerance of Flicker,” pre- 
pared by Utilities Coordinated Research, Inc. and printed 
in 1937, from which Figs. 1 to 4 of this chapter are re- 
produced. 
Figure 1 shows the cyclic pulsation of voltage at which 
flicker of 115 volt tungsten-filament lamp is just percep- 
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CYCLIC PULSATION (VOLTS) 


FREQUENCY OF VOLTAGE PULSATION (CYCLES PER SEC.) 


Fig. 1—Cyclic pulsation of voltage at which flicker of 115-volt 
tungsten filament lamp is just perceptible—derived from 1104 
observations by 95 persons in field tests of 25-watt, 40-watt, 
and 60-watt lamps conducted by Commonwealth Edison 
Company. Figures on curves denote percentages of observers 
expected to perceive flicker when cyclic voltage pulsations of 
indicated values and frequencies are impressed on lighting 
circuits. Plotted points denote medians of observation- at 
various frequencies, number of observations in each case 
being indicated by adjacent figures. 


tible. Flickers as low as 14 volt were perceptible in 10 
percent of the observations, when the rate of variation 
was 8 cycles per second. In order for the variations to be 
perceptible in 90 percent of the observations, however, 
the voltage change had to be over one volt at the same 
frequency. The range between 6 and 12 cycles per second 
was the most critical. 

Figure 2 shows the minimum abrupt voltage dip to cause 
perceptible flicker in a 60-watt, 120-volt tungsten-filament 
lamp, as a function of intensity of illumination. Curves 
are shown for 5 and 15 cycles (60 cycles per second basis) 
durations of voltage dip. It should be noted that abrupt 
voltage dips of 1.5 to 2.0 volts were perceptible. 
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Fig. 2—Minimum abrupt voltage drop for perception of 

flicker of 60-watt, 120-volt coiled-coil tungsten-filament 

lamps operated on 60-cycle alternating current. Each point 
represents the means of the observation of 44 persons. 


Vigure 3 shows the effect of “duration of transition” of 
voltage on the average threshold of perceptibility of flicker 
for tungsten-filament lamps. This curve shows quite 
clearly that whereas an abrupt change of about 114% volts 
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Fig. 3—Effect of duration of transition of voltage on average 
threshold of perceptibility of flicker of tungsten-filament 
lamps. 


is perceptible, a change of 5 volts or more is necessary 
before voltage variations requiring several seconds for 
completion can be perceived. 

Vigures 1 to 3 are of interest in showing the perceptibil- 
ities for various classes of flicker voltages. These are not 
working limits, because a perceptible flicker is not neces- 
sarily an objectionable one. Fig. 4 shows the recommended 
maximum allowable cyclic variation of voltages as set up 
by various authorities for their own use. The variations in 
these recommendations is an indication of the extent to 
which individual judgment enters the problem. The curves 
are nevertheless an exceedingly valuable guide. 

Cyclic flicker, when perceptible, is likely to be objec- 
tionable, at least to some individuals. Isolated voltage 
dips, however, even if plainly perceptible, are not ob- 
jectionable to the majority of individuals unless rather 
frequent. It can, therefore, be expected that larger vari- 
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Fig. 4—Recommended maximum allowable cyclic variation of 
voltage. 


TABLE 1—MAXIMUM ALLOWABLE VOLTAGE FLUCTUATIONS 


—— rn eee, 


Volts on 115 Volt Basis 


Class of Service : Very | Bx 
Infre- | Fre- Fre | tremely 
quent | quent quent Fre- 
quent 
A. *On a substation bus feeding only 
power lines................... 1 6 4 3 3 
B. *On a power line primary whose 


entire output is not taken by the 
one customer and read at the! 
customer’s premises........... 8 6 + 4 
C. Ona power line whose entire out- 
put is taken by one customer and 
read at the customer’s premises No| definitle Limi/t 
D. Ona substation bus feeding dis- 
tribution circuit and on distribu- 


tion circuit primaries.......... 6 3** 2 2 
E. On a distribution circuit second- 
ary: 
(a) At the secondary customer ~ 
causing the fluctuation..... 6 ¢ 4 3 


(b) At the secondary customer 
not causing the fluctuation. . 


6 5** 3** 2 


*Loop Power Lines or their equivalent automatic throwover lines shall be con- 
sidered as Distribution Circuits. . 

**On Farm Lines this limit has been increased to six volts because motor starting 
is so largely confined to daylight hours, This limit permits us to reasonably cope 
with the long distances encountered 


DEFINITIONS: 


1. Infrequent Flicker shall include cases occurring six times or less in twenty-four 
hours but not more than once between 6:00 p.m. and 12:00 midnight. This provision 
is intended to cover apparatus such as motor generators, fans, pumps, etc., which 
normally run continuously throughout the working day. 


2. Frequent Flicker shall include cases occurring not oftener than three times per 
hour, except that between 6:00 p.m. and 12:00 midnight they shall not occur more 
than once per hour. This provision is intended to cover apparatus such 48 machine 
tools, electric furnaces, etc., which are periodically started and stopped throughout 
the working day. : 

3.. Very Frequent shall include cases occurring not oftener than once & minute 
on the average and shall include all except rapidly and regularly reeurring flickers. 
This provision is intended to cover such apparatus as elevator motors, automat’ 
pumps, ice machines, ete,, which are started fairly frequently but, in general, af 
not regularly started several times a minute. 


4. Extremely Frequent shall include all cases occurring more frequently then ihe 
above. This provision is intended to cover such apparatus as flashing s1gns, wel aly 
gravel pit hoists, and certain electric furnaces, which are frequently and repeate 
stopped and started or rapidly loaded und unloaded during normal use. 


ations are permissible for non-cyclic than for cyclic vari- 
ations, but that the amount of tolerable dip depends upo? 
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the frequency of occurrence and the class of service. Here 
again, Judgment is an important factor as well as technical 
facts. The maximum allowable fluctuations practiced by 
one operating company are shown in Table 1. 

This is a very comprehensive set of standards and has 
proved satisfactory in practice. 


II. ORIGIN OF FLICKER VOLTAGES 


Flicker voltages may originate in the power system, but 
most frequently in the equipment connected to it. 


1. Generating Equipment 


Prime Movers—Engine driven generators are prob- 
ably responsible for most of the rare cases of flicker origi- 
nating due to the power system itself. Curve (a) of Fig. 5 
shows the variation in tangential force of a four cylinder 
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Fig. 5—Curves from a four-cylinder 300 rpm Diesel engine at 
full load driving a generator. The variation in velocity caused 
a corresponding variation in the generated voltage, 


300 rpm Diesel engine at full load, and Curve (b) shows 
the corresponding percent change in angular velocity of 
the rotating parts. With all other factors constant, this 
non-uniform rate of rotation produces a fluctuation in 
amplitude of the generator voltage The total variation 
in voltage is the same as the total variation in speed; in 
this example 0.7 percent. The frequency of the variation 
is equal to the rpm times the number of power strokes 
per revolution; in this case 300*2=600 per minute or 
10 per second. 

Referring to Fig. 1, it is seen that 0.7 percent change in 
voltage is readily perceived by most individuals. Fig. 4 
indicates that most operators regard this as too much 
flicker to be tolerable. About the only practicable remedies 
are increasing the flywheel effect, or changing the speed 
to get within a less objectionable frequency range. In this 
actual case, the flicker of the original installation caused 
many complaints and it was satisfactorily corrected by 
increasing the flywheel effect. 

When two or more engine-driven generators are in con- 
tinuous operation at the same station, the amplitude of 
the fluctuation can frequently be lowered, and the fre- 
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quency doubled to get it out of the objectionable range, 
by synchronizing the generators so that the power strokes 
of the two engines altcrnate rather than occur simultane- 
ously. This can be done because there are usually more 
poles on the generators than cylinders on the engine, par- 
ticularly in those engines where the flicker is in the ob- 
jectionable range. A stroboscope or similar device used 
with the regular synchroscope permits such synchronizing. 

It has sometimes been thought that it should be possible 
to correct flicker of this type by the use of special voltage 
regulators of unusually fast response. In practically every 
case this is completely out of the question because the 
frequency of the flicker is too high for the time constant 
of the generator field. For example, the field time constant 
of a typical moderate-sized engine-type generator is be- 
tween 0.5 and 1.5 seconds, whereas the range of most 
objectionable flicker is between 4 and yg second per cycle. 
Even electronic excitation systems are unable to regulate 
voltage at such a high rate. 

Generators—A symmetrical generator with constant 
load, excitation and angular velocity produces a constant 
terminal voltage. If any of these quantities varies, how- 
ever, the terminal voltage also varies. 

It is possible to have a sufficient degree of non-uniform- 
ity in the generator air gap to cause pulsating terminal 
voltage. However, the commercial manufacturing toler- 
ances are sufficiently close that no case of flicker due to 
this cause is known to have occurred. To produce flicker 
in this manner, both the rotor and stator must be eccentric. 
Stator bores of all but the smallest size machines will in- 
herently have a certain degree of eccentricity, because they 
must be built up with segmental laminations. In spite of 
this built-up construction, quite close tolerances are held 
by the use of accurate dies and assembly keys and dowels. 
Further attempts at improvement would be very difficult 
as it would require boring or grinding the inner bore of 
the stator punchings. This is quite undesirable from the 
standpoint of accumulation of iron chippings and filings 
between laminations and into the slots, which might result 
in a condition of insulation breakdown and localized heat- 
ing of the stator The rotor eccentricity is, because of the 
necessity of dynamic balancing, held normally to quite 
close tolerances. Since no voltage fluctuations can be pro- 
duced if the rotor is concentric with the shaft, no modifi- 
cation of standard manufacturing procedures has ever been 
necessary from the standpoint of flicker voltages. 

Abrupt changes of load on generators produce corre- 
sponding changes in the terminal voltages. This voltage 
fluctuation is the result of two factors: the change in speed, 
and the regulation of the machine. In central station 
practice it is very unusual for change in speed to be a 
significant factor. Sudden load increments are usually too 
small as compared with the total generating capacity to 
change the speed materially. Even if the speed changes, 
however, the rate at which the voltage drops is ordinarily 
so slow, that the effect is imperceptible to the eye (see 
Fig. 3). 

A typical voltage-time regulation curve of a large tur- 
bine generator, following sudden application of load is 
shown in Fig. 6. Speed and excitation voltage are assumed 
constant. Three points on this curve are of especial in- 
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Fig. 6—Voltage-time regulation of a large turbo-generator 
following sudden application of load. 


terest. Point (a) is the voltage immediately following the 
application of load; point (b) is the voltage after the 
voltage has settled; point (c) is an extrapolation of the 
curve from (b) back to zero time. Each of these points 
may be determined closely by the use of the appropriate 
generator reactance. In fact, the standard definition of 
the various reactances has been made for this particular 
use. For a fuller discussion of machine characteristics 
see Chap. 6. 

Point (a) is determined by the use of the machine sub- 
transient reactance ra’. In the case of an initially un- 
loaded machine, the voltage (0-a) is the vector difference 
between the no-load voltage and the product of the load 
current times the subtransient reactance. That is, 


0-a=E,—Iz," 


The voltage rapidly falls further to a point (x) and at 
a much lower rate to point (b). 

The reason may be described approximately as follows. 
At the instant of load application, the magnetic flux in 
the air gap remains substantially constant, and the initial 
drop in voltage is principally that due to reactance of the 
armature winding. However, the armature currents set 
up a demagnetizing effect to buck the field flux. The 
decreasing field flux generates voltages and currents in the 
field structure, which resist or delay the ultimate change. 
The induced currents in some parts of the field structure, 
such as the eddy currents in the pole face, damper wind- 
ings, or rivets, subside rapidly because of the high resist- 
ance of the path, and allow part of the flux to change 
quickly. In the average machine, about 0.1 second is 
required for this change. Most of the change of voltage 
between points (a) and (x) is due to this cause. The 
majority of the field flux is encircled by the field winding 
which is of very low resistance, and, therefore, constitutes 
an effective damper to rapid changes of voltage. The 
change in voltage from (x) to (b), therefore, constitutes 
an effective damper to rapid changes of voltage. The 
change in voltage from (zx) to (b) is, therefore, compara- 
tively slow, from 3 to 10 seconds being required for 90 
percent of the change to take place in large machines. 

Point (x) is not directly calculable by using standard 
machine reactances alone. Point (c), however, can be 
calculated in the same manner as point (a), except that 
transient reactance is used. That is 

0-c=E 


efx! 
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Similarly, point (6) is calculated from synchronous re. 
actance using the relation: 


0-b= F, —Tz,q 


The transition from (a) to (x) and from (zx) to (0) may 
be calculated by using the appropriate machine time con- 
stants. This procedure is more fully described in Chap. 6. 
From the standpoint of flicker voltage, the following pointg 
are of interest. 

For single load applications more than 10 cycles in du- 

ration (on a 60-cycle system), the voltage regulation point 

(c) of Fig. 6, calculated from the transient reactance, ig 
the determining quantity. Fig. 2 shows that there is little 
difference in perception lasting from 5 to 15 cycles of volt- 
age drop. In average machines, the subtransient drop ig 
usually about two-thirds of the transient drop. However, 
after about the first 5 cycles, the voltage drops to the value 
determined by transient reactance. A further drop in 
voltage takes place due to the decrement of the field, 
reaching point (b) on Fig. 6. Usually, this synchronous 
reactance drop is not more than two or three times the 
transient reactance drop. Automatic voltage regulators 
may limit the drop to less than 114 times the transient 
drop. Reference to Fig. 3 shows that for a transition time 
of the order required (3 to 10 seconds), the additional 
voltage drop due to field decrement is not perceptible 

For load durations less than 5 cycles, it is likely that the 
regulation as calculated from the subtransient reactance 
determines the permissible flicker. While the voltage drop 
at the end of 5 cycles is greater than initially, the transition 
is gradual and it is doubtful if the eye can discern so 
small a difference. 

For load durations between 5 and 10 cycles, it is prob- 
able that an average between subtransient and transient 
reactances should be used to calculate flicker voltages for 
comparison with perception data similar to those given in 
Figs. 1 to 3. 

The proper reactance to be used to calculate the effect 
of cyclic variations depends upon the frequency of their 


occurrence. The following range is suggested for gener- 
ators 5000 kva and above. - 
¢ 
Pulsation Frequency 
Cycles per Second Reactance 
1-4 Lal 
La tra" 
5-12 2 
12-30 ta” 


In smaller machines the field time constant may be so 

short that pulsation frequencies below 2 cycles per second 

may require the use of synchronous reactance. 
Excitation Systems—Excitation systems are rarely 


the cause of flicker voltages in central station practice. In) 


larger generators, field time constants above 3 seconds 
cause variation in armature voltage to be very gradual 
no matter how fast the excitation may change. Occasion- 
ally, hunting of generator voltage regulators causes wide 
voltage fluctuations, but this is not a true flicker. On small 
generators, continuously vibrating regulators occasionally 
cause a small pulsation of the armature voltage. 
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Since the alternator field constant is usually too high to 
permit exciter fluctuations to show up in the alternator 
terminal voltage, correction of flicker by means of excita- 
tion control is not practical. In other words, the amount 
of generator flicker depends upon its inherent reactance 
characteristics and cannot be substantially improved by 
excitation control. 

Short Circuits and Switching Surges—DShort circuit 
currents, because of their magnitude, produce large voltage 
drops and attendant flicker. Reduction in the amount of 
voltage drop is not feasible without major changes in 
system layout and large expenditures. The duration of 
the voltage drop can, however, be markedly reduced in 
a number of cases by the use of high-speed relays and 
breakers. Flicker due to short circuits occurs so seldom 
that no special consideration for this purpose alone is 
necessary. The tendency is toward a gradual reduction 
in flicker, as system improvements are made for other 
purposes such as protection of lines against lightning, 
installation of high speed relays and breakers, etc. These 
comments apply to networked systems; in radial lines, 
short circuits produce outages, a distinctly different 
problem. 

Line switching rarely produces flicker unless load is 
picked up or dropped, or lines with large charging currents 
are switched. Here again, special provisions to reduce 
flicker are rarely necessary. 


2. Utilization Equipment 


Most of the flicker on central station systems is due to 
the customer’s utilization equipment. The following are 
some of the more common types of equipment known to 
cause flicker. 

Motor Starting—Probably most of the flicker prob- 
Jems are caused by the starting of motors. For reasons 
of cost, efficiency, and reliability, commercial general pur- 
pose motors require a momentary starting current several 
times their full load running current, in order to produce 
sufficient starting torque. 

Three general classes of motor installations are of im- 
portance in the flicker problem. 

(1) Single phase fractional horsepower motors com- 

monly used in homes and small stores. 

(2) Integral-horsepower polyphase motors operated 
from secondary distribution circuits, such as in 
small shops, large stores and buildings, and re- 
cently in a small number of homes for air condi- 
tioning. 

(3) Large integral-horsepower three-phase motors op- 
erated from primary lines, mostly by industrial 
concerns. 

(1) Single phase fractional horsepower motors are man- 
ufactured in large quantities, and to maintain this extent 
of usage, they must continue to be low in cost, economical, 
rugged and reliable. These requirements have led to sev- 
eral classes of motors depending upon the service, with 
one class designed specifically for frequent starting with 
low starting current. This motor is used in great quantities 
in domestic refrigerators and oil burners, and the 14 horse- 
power 110-volt class usually has a locked-rotor starting 
current of 20 amperes or less. It is not unduly expensive 
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to design a distribution system to supply 20 amperes at 
110 volts without objectionable lamp flicker. Where single 
phase 110/220 systems are used, 40-ampere starting cur- 
rents are permissible on the 220-volt connection, allowing 
larger motors to be used. 

(2) Integral-horsepower motors on secondary circuits 
are potential sources of flicker. In most cases, such motors 
are used in areas of high load concentration and the power 
circuits are correspondingly large. This usually permits 
ordinary 3-phase squirrel cage motors to be started di- 
rectly across the lines. In some cases, however, the size 
of a motor is out of proportion with its supply line. The 
practical solution is to use a starter that limits the initial 
inrush of current and thereafter changes the current in 
increments sufficiently small to prevent objectionable 
lamp flicker. 

(3) Supplying large motors from primary power lines 
is usually not troublesome because such motors are usually 
located in an “industrial district”? where power supply lines 
are inherently heavy and where wider limits of voltage 
drop are permissible (See Table 1). There are nevertheless 
a number of cases particularly in rural communities, where 
motor ratings are too high for the power facilities. A suit- 
able motor starter may correct such cases, although in 
some installations other measures may be required. 

Starting currents for both induction and synchronous 
motors at full voltage vary from 5 to 10 times full load, 
depending upon the size, number of poles, and other ap- 
plication requirements, such as required starting, pull-in, 
and pull-out torques. The power factor under locked- 
rotor conditions varies between 25 and 50 percent. For 
approximate calculations, a starting current of 6 times 
normal at 35 percent power factor may be used. Wide 
variations from this should be expected, and specific data 
should always be used when obtainable. 

Motor-Driven Reciprocating Loads—This type of 
load usually consists of air compressors, pumps and re- 
frigerators. The motor load varies cyclically with each 
power stroke and produces a corresponding variation in 
the line current. Thus, comparatively small variations of 
voltage may be objectionable if the pulsation occurs 6 to 
12 times per second. (See Fig. 1.) Difficulty from this 
source has been caused in the past by domestic refriger- 
ators, but in modern designs both the frequency of pulsa- 
tion and the amount of fluctuation have been improved, 
so that complaints from this cause are now rare. 

Figure 7 is an oscillogram showing the armature voltage, 
current and three-phase power of an air compressor driven 
by a 100-horsepower wound rotor induction motor. There 
are several points of interest on this oscillogram. First, 
although the voltage variation can scarcely be detected 
on the oscillogram, it actually was very objectionable to 
lighting customers. This shows that oscillographs used in 
the conventional manner may not always be suitable 
for flicker-voltage measurements. Second, the three-phase 
power and current fluctuations occur simultaneously and 
the peak is about 2% times the minimum. This is interest- 
ing because it shows that the slip of induction type motors 
cannot prevent load fluctuations from showing up in the 
supply lines, unless the inertia of the load is high or the 
rate of power pulsation is high. 
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Publication C 50-1943 ‘American Standard Rotating 
Electrical Machinery” of the American Standards Com- 
mittee establishes the amount of pulsations for synchro- 
nous motors. Section 3-160 reads: 

“Pulsating Armature Current: When the driven load such as 
that of reciprocating type pumps, compressors, etc., requires a 
variable torque during each revolution, the combined installation 
shall have sufficient inertia in its rotating parts to limit the 
variations in motor armature current to a value not exceeding 
66 percent of full load current. 

“Nort I—The basis of determining this variation shall be 
by oscillograph measurement and not by ammeter readings. A 
line shall be drawn on the oscillogram through the consecutive 
peaks of the current wave. This line is the envelope of the cur- 
rent wave. The variation is the difference between the maximum 
and minimum ordinates of this envelope. This variation shall 
not exceed 66 per cent of the maximum value of the rated full 
load current of the motor. (The maximum value of the motor 
armature current to be assumed as 1.41 times the rated full load 
current.) Adopted Standard 6-13-1923.” 

The above excerpt provides a basis for standardization 
and gives a criterion for a design unlikely to cause flicker. 
However, there are still possibilities that this amount of 
pulsation may at times result in flicker, particularly if the 
rate is between 6 and 12 cycles per second, and the supply 
line impedance is high. 

An analysis of Fig. 7 shows that with an induction motor 
both the current and power factor pulsate when the motor 
load varies, the power factor being highest when the load 
is highest as shown in the tabulation below. Usually, the 
armature time constant 1s high compared with the rate 
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Fig. 7—Oscillogram of current I, voltage E, and three phase 

power W of a 100-hp wound-rotor induction motor driving an 

air compressor. The voltage change which cannot be meas- 
ured from the oscillogram caused objectionable flicker. 
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of load fluctuation, and the steady-state performance of 
moderately-sized induction motors as determined by test 
or circle diagram may be used in calculating flicker due to 
cyclic load variation of power factor with load, but specific 
data should be used where obtainable. 


es, 


Load, Percent 


Power Factor, Percent 


25 72 
50 78 
75 85 
100 87 
125 90 


The variation of power factor of a synchronous motor 
during cyclic load fluctuations is a more complicated phe- 
nomenon. The average power factor is, of course, greatly 
influenced by the supply voltage and by the field excita- 
tion. The variations from this average power factor due 
to load fluctuation is largely dependent upon the rate of 
the fluctuations as compared with the time constant of the 
field. For example, if the field time constant is 1 second 
and the load fluctuates once every 2 seconds the synchro- 
nous reactance of the machine determines the extené of the 
change in power factor. If, however, the power fluctua- 
tions are, say, 8 cycles per second, the transient reactance 
largely determines the change in power factor because the 
load swings are too rapid to demagnetize the field. 

Since in flicker problems, the change in load is of greater 
concern than the magnitude of the load, the average power 
factor is of no particular interest. The preferable proce- 
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Fig. 8—Vector diagrams illustrating method of obtaining 

magnitude and phase position of synchronous motor current 

and magnitude of bus voltage with change of load. Xs is 
system reactance and X, is motor reactance. 
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dure, if complete motor data are available, is to calculate 
the changes in the bus supply voltage to the motor due to 
changes in the load on the motor. The method is illus- 
trated in the vector diagrams on Fig. 8. Vector diagram 
(a) shows the vector relations for a synchronous motor 
operating at full load and 80 percent power factor lead. 
Es, Evus and Hy, are respectively the system voltage, bus 
supply voltage to the motor and the internal voltage of the 
motor. JR, and LX, are the voltage drops through the 
system impedance. JX, is the drop through the motor 
where X,, may be the synchronous, transient or sub- 
transient reactance depending upon the rate of load fluctu- 
ution compared to the time constant of the machine. 
Using diagram (a) as the starting point where the motor 
power factor angle 4: is known along with the average 
load, Hyus and all of the reactances, the change in bus 
voltage can be obtained as shown in vector diagram (b). 
For all sudden changes in load the system voltage, Z,, and 
the internal voltage of the motor, Em, remain substantially 
constant. To determine the sudden dip in bus voltage it 
is necessary to calculate a curve of bus voltage against 
motor load or motor load change. This requires for each 
point on the curve that a magnitude of current be assumed 
and the voltage drop through the system and motor de- 
termined. This will locate the internal voltage Em with 
respect to the system voltage #, (In Fig. 8 E,, and also 
E, in the diagrams (a) and (b) have the same magnitude). 
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Fig. 9—Characteristics of a typical synchronous motor at 
normal rated voltage. Curve A is for rapid changes in load 
from initial value and curve B is for slow changes. 
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The position of the voltage drops will then determine the 
position of the current vector as well as the bus voltage 
vector His. Using the current, voltage (Zyas) and the 
angle between them the power can be found. With the 
curve of bus voltage against motor load change the voltage 
for any desired change in motor load can be obtained. 
The variation in reactive kva with real power is shown 
in Fig. 9 for a typical synchronous motor. These data are 
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Fig. 10—Characteristics of a typical induction motor. 


for a power factor of 80 percent at full load, but for ordi- 
nary purposes the variations in reactive factor may be 
superimposed on the initial reactive factor. Curve A is 
for a rapid rate of fluctuation starting from full load 80 
percent power factor; Curves B are for a rate slow com- 
pared to the field time constant with fixed terminal voltage. 

Motor Driven Intermittent Loads—In this cate- 
gory fall motor drives where the nature of the work calls 
for heavy overloads, and for cyclic loads of long and ir- 
regular period. Saw mills and coal cutters are typical 
examples of applications where heavy overloads, some- 
times to the stalling point, are common and difficult to 
prevent. The motor currents in such installations vary 
rapidly from light load, through pull-out at heavy current 
and high power factor, to the high locked-rotor current at 
low power factor. Punch presses and shears are examples of 
applications where the load goes through wide variations, 
but where flywheels and other design features limit both 
the rate of application and magnitude of the load swings. 

Motors used to drive intermittent loads are likely to 
have been designed with special characteristics. If possible, 
the fluctuation in current and power factor should be ob- 
tained by test or from the manufacturer. In the absence 
of such specific data, Curve B of Fig. 9 may be used for 
slow cycling intermittent loads, and the curve of Fig. 10 
may be used for applications where pull-out and stalling 
occur. 

Electric Furnaces—There are three general types of 
electric furnaces—resistance, induction, and arc. The re- 
sistance furnace usually causes no more flicker than any 
other resistance load of comparable size. Most induction 
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Fig. 11—Three-phase melting arc furnace of the Heroult type. 


furnaces operate at high frequency, and therefore, are 
connected to the power line through a frequency changer 
and consequently represent a fairly steady load. 

Three-phase steel melting are furnaces of the Heroult 
type, illustrated in Fig. 11, are being used to a considerable 
extent to make high grade alloy steel, and frequently cause 
voltage flicker. 

While the average load factor and power factor of elec- 
tric arc furnaces are as good or better than many other 
industrial devices, the problem of supplying them with 
power is usually much more difficult. During the melting 
down period, pieces of steel scrap will at times, more or 
less, completely bridge the electrodes, approximating a 
short circuit on the secondary side of the furnace trans- 
former. Consequently, the melting down period is char- 
acterized by violent fluctuations of current at low power 
factors, single-phase. When the refining period is reached, 
the steel has been melted down to a pool and arc lengths 
can be maintained uniform by automatic electrode regu- 
lators, so that stable arcs can be held on all three elec- 
trodes. The refining period is, therefore, characterized by 
a steady three-phase load of high power factor. 

The size of load fluctuations during the melting down 
period is influenced by a number of factors, of which the 
rate of melting is perhaps the most important. The fur- 
nace-supply transformers have winding taps for control of 
the arc voltage and in the smaller sizes (about 6000 kva 
and below) have separate built-in reactors to limit the 
current and stabilize the arc. The rate of melting is subject 
to further control by means of electrode regulators. Some- 
times the production of the furnaces is stepped up by 
raising the arc voltage, reducing the series reactance, rais- 


Lamp Flicker on Power Systems 


Chapter 29 


ing the regulator settings or by a combination of several] 
of these procedures. Forcing the furnace in this manner 
increases both the magnitude and the violence of the load 
swings. The type of the scrap being melted also affects 
the extent of the load swings, heavy scrap causing wider 
fluctuations than light scrap. 

The oscillogram of Fig. 12 represents a short part of 
melting-down period of a 10 000-kva arc furnace. At times, 
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Fig. 12—Oscillogram at start of heat in a 10 000 kva Heroult 

type three-phase arc furnace. A single-phase arc struck and 

restruck 10 times in the space of 15 seconds before all three 

phases struck. After this initial period, all three phases struck 

and restruck 10 times with currents in all three phases fairly 

well balanced before the arcs became generally stable. A por- 
tion of this performance is shown on this figure’, 


the current variations occur at a periodicity approximating 
the rate of the most objectionable flicker. A graphic chart 
illustrating the variation of load over a longer period of 
operation is shown in Fig. 13. These two figures are 
reprints of figures from reference 10. = 

Calculated curves in Fig. 14 show the electrical char- 
acteristics of a 10 000-kva, three-phase arc furnace. These 
curves were prepared on the assumption that the maximum 
attainable current would be approximately twice normal 
at 50 percent power factor. The effective impedance of 
the arc (based on 11 500 volts in the primary) is plotted 
as the abscissa. For convenience, zero ohms, as plotted, 
represents the minimum arc resistance as determined by 
the so-called short circuit condition. Actually, at this 
point there is appreciable voltage drop at the electrode 
tips, and considerable are energy; the curves are plotted 
in this manner only to show the working range. It is of 
interest that the point of maximum power is not that of 
maximum kva. The usual melt-down range is probably 
between the points corresponding to 0 and 10 ohms, the 
arcs fluctuating during this period so that the heating 
effect is some sort of an average between these limits. The 
refining range is probably above 10 ohms. 

It is difficult to obtain definite figures on the values of 
instantaneous swings in current and power factor for use 
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Fig. 13—Graphic charts at time of same heat shown on oscil- 
logram of Fig. 12. Furnace swings occur approximately once 
a second", 


in flicker determinations, because an oscillograph must be 
used and the maximum swings cannot always be caught. 
On small furnaces, the current may reach a maximum of 
314 times that at full load, but the process of reaching this 
value is usually through a series of small increments, and 
as noted previously the annoyance to lighting customers 
is largely a matter of the rate of change rather than the 
total change. 

The kva swings given in Figure 15 are equivalent swings. 
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Fig. 14—Electrical characteristics of a 10 000 kva, three-phase 
arc furnace, 


These values will give approximately the same flicker as 
the single-phase swings given in references 14 and 15. The 
curve values are not the maximum possible swings for a 
given furnace size but are good values to use in estimating 
flicker. The frequency of occurrence of these swings cor- 
responds to the Extremely Frequent classification as given 
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Fig. 15 Equivalent kva swings in an electric arc furnace. 


in Table 1. Load swings can occur more rapidly, but their 
magnitudes are less than those in Fig. 15. These curves 
can be used in conjunction with the method suggested in 
Sec. 5, to estimate the amount of flicker. The information 
shown in Fig. 15, together with suitable system constants 
should give a fair approximation of the flicker voltage to 
be expected. 

Electric Welders—This is a class of equipment of 
great importance in power system flicker. Most welders 
have a smaller “‘on’’ time than “off” time, and conse- 
quently, the total energy consumed is small compared with 
the instantaneous demand. Fortunately, most welders are 
located in factories, where other processes require a large 
amount of power, and where the supply facilities are suffi- 
ciently heavy, so that no flicker trouble is experienced. 
In isolated cases, but nonetheless important, the welder 
may be the major load in the area, and serious flicker 
may be imposed on distribution systems adequate for 
ordinary loads. 
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The more common types of electric welders are: 


(1) Flash welders 
(2) Pressure butt welders 
(3) Projection welders 
(4) Resistance welders 
(a) Spot 
(b) Seam 


In welders the source voltage, usually 230, 460 or 2800 
volts is stepped down to a few volts to send high current 
through the parts to be welded. Practically all welders 
in service are single-phase, although experimental three- 
phase welders show promise. 

With flash welders, one piece is held rigidly, and the 
other is held in quasi-contact with it, with voltage applied. 
An arc is formed, heating the metal to incandescence, and 
the movable piece is made to follow to maintain the arc. 
The heating of the metal is partly by the passage of current 
and partly by burning with the arc. After a sufficient 
temperature and heat penetration has been obtained, the 
pieces are forced together under great pressure. In some 
cases, the power is cut off before this‘‘upset’’; in others, 
the power is left on. The current, drawn during the flash- 
ing period, is irregular because of the instability of the are, 
so that the flicker effect is obnoxious more than if the 
current were steady at its maximum value. The average 
power factor during flashing may be as high as 60 percent. 
At upset, it is about 40 percent. The flashing may last up 
to 20 or 30 seconds, but 10 seconds is more common. The 
duration of power during upset is usually short; of the 
order of 14 second. This type of welder may draw up 
to 1000 kva during flashing and about twice this loading 
at upset. 

Pressure butt welders are similar to flash welders, except 
for the important difference that the parts being welded 
are kept continuously in contact by a following pressure. 
The heating is produced primarily by contact resistance. 
From a power supply standpoint the butt welder is more 
desirable than the flash welder because the welding current 
once applied, is practically steady and the only flicker 
produced is at the time power is applied and removed. 
The range of currents and power factors is about that 
for flash welders. 

Projection welders are similar to pressure butt welders 
except that the latter usually join pieces of about equal 
size, and projection welders usually join small pieces to 
large ones. The current demand is usually smaller, but 
the operations are likely to be more frequent. 

In resistance welders current is applied through elec- 
trodes to the parts to be welded, usually thin sheets of 
steel or aluminum. The weld is accurately timed to bring 
the metal just to the welding temperature. The pieces are 
fused together in a small spot. In the spot welder, one or 
a few such spots completes the weld. In a seam welder, 
a long succession of spots produces the equivalent of a 
single continuous weld or seam. Resistance welders are 
characterized by large short-time currents. In spot weld- 
ers, the current may be applied for only a few cycles (on 
a 60-cycle basis), with welds following one another in a 
fraction of a second up to about a minute. Thus, from a 
flicker standpoint there are a succession of individual volt- 
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(a) 


{b) 


Fig. 16—Ignitron timer for resistance welder. 


age dips occurring at objectionably frequent intervals. 
Seam welders have an “on” duration of a few cycles fol- 
lowed by an “off” duration also of only a few cycles, The 
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Fig. 17—Typical resistance welders—(a) spot welder, (b) seam 
welder. 


process is a continuous one while a given piece is in the 
machine, and since the periodicity of the welds is uniform, 
the flicker can be annoying even for relatively small voltage 
dips. The essence of good spot and seam welding is ac- 
curate control of the heat, consequently accurate magni- 
tude and duration of current are necessary. Vacuum tubes 
are being used to a large extent for welder control functions 
because there are no wearing parts, and close and con- 
sistent regulation of the heat is possible. Fig. 16 shows a 
photograph of an ignitron electric timer and Fig. 17 shows 
a typical resistance welder. 
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Resistance welders drawing energy from all three phases 
greatly minimize flicker. Electronic devices are used to 
convert from the 60-cycle, 3-phase source to a single-phase 
output of lower frequency, say 10 cycles per second. On 
small welders, the stored energy of capacitors or inductors 
can often be used to minimize the peak demand from the 
source. 

Miscellaneous—Under this category come special 
equipment as electric shovels, heavy rolling mills, and 
similar installations. Most of these must be considered 
individually as to special features and power supply. 

Strip mining shovels frequently cause severe voltage 
dips in power systems, principally because of their large 
size and wide variation of their loads. The fast rate of 
load application is usually injurious to the power system 
principally by creating a wide band of voltage fluctuation, 
rather than flicker as it is commonly encountered. The 
site of mining operation is often at out-of-the-way locations 
where the power requirements for general purposes are 
small and hence, the normal power facilities are of low 
capacity, and very susceptible to flicker due to load 
changes. 

The large continuous rolling mills now used extensively 
in producing wide metal strip have imposed a new problem 
on the power industry. Like the electric shovel, these loads 
do not necessarily produce flicker in the customary sense 
of the word. The power supply is usually through motor- 
generator sets without added flywheel effect. The load 
comes on and drops off in steps as the metal enters or 
leaves the rolls. The individual increments are not in 
themselves abrupt, a fraction of a second to over a second 
being required for the metal to enter a roll completely. 
A large hot strip mill and a typical load chart are shown 
in Figs. 18 and 19. 

The power drawn by a large continuous mill may build 
up to 30 000 kw in a period of 8 seconds, stay nearly con- 


_Fig. 18—Tandem cold mill for producing tinplate. 
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Fig. 19—Load chart for a hot strip rolling mill. 


stant for a minute, and then drop to almost zero in another 
8-second period. There may then be an off period of a 
minute followed by a repetition of the load cycle. The 
power source is usually ample so that no flicker is percep- 
tible to the eye, but there is nevertheless a tendency for 
the voltage to “weave” up and down. This is undesirable 
because it widens the band of voltage regulation and may 
cause excessive operation of feeder voltage regulators. 
Automatic control of the excitation to the motor-generator 
sets to conform to the load variations is effective in 
minimizing these voltage swings. 
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Fig. 20-—Power flow between a steel mill and a large intercon- 
nected power system. 
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A heavy cycling load of this kind may produce wide 
frequency variations on an isolated power supply system 
and wide load swings on an interconnected system. A 
power plant recording chart in Fig. 20 shows the power 
flow between the steel mill power plant and a large power 
pool. Fig. 21 (a) shows the hot strip mill load cycle and 
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Fig. 21—(a) Hot strip mill load. (b) Effect on frequency of 
large interconnected system. 


Fig. 21 (b) the results of calculations on how power surges 
of this kind cause frequency disturbances which-travel as 
waves betiveen the local power company to which the steel 
plant is connected and a larger power pool. 


III. LOCATION OF FLICKER VOLTAGES 


Load equipment may create flicker conditions in one 
or more of the following locations: 


(1) Secondary distribution 
(2) Primary lines 

(3) Substation busses 

(4) Generating stations 


Any flicker in bus voltage of the generating station can 
be expected to show up at practically all points served by 
that station. Similarly if a substation bus flickers, all of 
the radial loads from that substation are affected. Primary 
line flicker affects all customers remote from the source 
of flicker, and to a lesser extent, some of those nearer the 
source of supply. Secondary circuit flicker is usually con- 
fined to an area immediately adjacent to the source of 
the disturbances. 

The location of flicker voltage, or the extent of the af- 
flicted area, has a considerable influence on possible rem- 
edies. If the generating station busses are affected, there 
are usually no commercially practical means of remedying 
the situation on the power system, and the correction must 
usually be made at the utilization point. If a substation 
is affected, but the generation stations are not, then more 
tie lines or transmission at higher voltage can be employed, 
or a separate line run from the generating station to the 
affected area. Sometimes the utilization equipment itself 
can be corrected. If a primary line is aftested, improve- 
ments can be made in either the power system or the 
utilization equipment. If the distribution system alone 18 
affected the correction may be made either on the system 
or the utilization device. If the utilization device is stand- 
ard equipment, it is usually best to correct the distribution 
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system, and thus improve other loads as well. If the 
utilization device is special, it is probably more efficient to 
correct the device. 


IV. REMEDIAL MEASURES 


A large variety of corrective equipment and procedures 
can be used to minimize flicker. Those most commonly 
considered are: 

1. Motor generator sets 
2. Phase converters 
3. Synchronous condensers 
4. Series capacitors 
5. Shunt capacitors 
6. Voltage regulators 
7. Booster transformers 
8. Motor starters 
9. Excitation control 
10. Load control 
11. Flywheels 
12. System changes 


3. Motor Generator Sets 


A corrective scheme using m-g sets is illustrated in Fig. 
22. In general, it is probably true that a motor-generator 


Fig. 22—Motor-generator set. 


set between the utilization device and the power system 
gives the maximum possible reduction in flicker, because 
it is effective in minimizing three of the most undesirable 
load characteristics: single phase, low power factor, and 
sudden application. Since the only tie between the motor 
and the generator is the shaft, the disturbances due to 
single-phase load or to low power factor are not transferred 
to the power system. The reactance of the driving motor, 
in conjunction with the flywheel effect of the motor and 
generator delay the transfer of a change in load to the 
power system. The rate at which the voltage drops is 
therefore lessened and the eye is less likely to perceive 
this flicker. 

The motor-generator set is probably the costliest ar- 
rangement, heaviest, least efficient, and occupies more 
floor space than any of the various corrective devices that 
can be used. But the m-g set has the advantage of con- 
sisting entirely of standard equipment, and is, therefore, 
reliable and well understood apparatus. The motor end 
may be synchronous, squirrel-cage induction, or wound 
rotor induction, the latter usually being provided with a 
flywheel and slip regulator. The generator end may be 
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suitable for the supply of cither single-phase or polyphase 
loads. 

When asynchronous motor draws additional power from 
the line it drops back in phase position. This causes a 
temporary drop in speed, but the flywheel effect of the 
rotor tends to oppose this change and to give up tem- 
porarily part of its rotational energy. This results in a 
“cushioning” of the rate of application of load to the power 
system, and a material reduction in peak demand can be 
effected for loads of short durations as compared with one- 
half of the natural period of electro-mechanical oscillation 
(see Chapter 13). The natural period usually ranges be- 
tween 14 and 1 second, so that for loads lasting about 1 
second and Jess, substantial reductions in peak demand 
can be expected. Thus, synchronous-motor-driven m-g 
sets are quite suitable for spot and seam welders having 
an “‘on’’ time of 1 to 10 cycles (60-cycle basis). Similarly, 
sudden increases or decreases of load are shielded from the 
power system if the load factor is high, but the load is 
subject to short violent irregularities. This is true of elec- 
tric furnaces, for example, where the overall load factor is 
good, but there is considerable ‘‘choppiness,’’ sudden power 
factor changes and short-cireuiting of individual phases. 
For this type of load, synchronous motor drives are nearly 
as effective from the flicker standpoint as squirrel-cage 
induction, and preferable for other reasons. 

When an induction motor draws added power from the 
line, it drops in speed. Its output, in the normal working 
range, is closely proportional to the slip, that is, to the 
difference between synchronous and actual speed. If load 
is suddenly applied to a generator driven by a squirrel-cage 
induction-motor, the system does not feel the full effect 
until the motor-generator set has slowed down from nearly 
synchronous speed to full-load speed. In the meanwhile, 
the inertia of the rotating parts supplies the energy, and 
thus the rate at which power is drawn from the system is 
materially reduced. Furthermore, as in the case of syn- 
chronous driving motors, if the generator load consists of 
a, series of short, pulses, the load is off before its full effect 
is transmitted to the power system, and the peak load on 
the system is thereby decreased. Because an induction 
motor must actually slow down, whereas a synchronous 
motor merely shifts in phase, the rate of load application 
to the power system is less for the induction than for the 
synchronous motor. On an average, it takes an induction 
motor-generator set about one second to transfer full load 
to the source. In Fig. 3, it is shown that this delay alone 
results in doubling the threshold of flicker perception, as 
compared with the perception due to sudden voltage dip 
of equal magnitude. 

If the load pulses last several seconds, the power drawn 
from the system levels off to the amount of generator load 
plus losses for either a synchronous or squirrel-cage motor 
drive. The voltage drop in the power system during this 
steady load period is usually about the same for either 
the induction or synchronous motor drive, assuming that 
the excitation of the synchronous motor is constant. By 
increasing the synchronous-motor excitation with the load 
the final regulation of the system can be made very small. 
However, from the standpoint of flicker such excitation 
changes are usually imperceptible because of the time 
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required for correction. Thus, from the flicker standpoint, 
the principal superiority of the induction motor to the 
synchronous motor is the doubling of the threshold of 
perception, because of slower load application. This is 
particularly so for short pulses of power, say 1% second 
and less, where the induction set draws considerably lower 
peaks than the synchronous set. 

A further material reduction in flicker can be effected by 
the use of motor generator sets equipped with flywheels. 
In such cases a wound-rotor-induction motor is used, and 
additional rotor or secondary resistance is connected ex- 
ternally. By this means, the full-load slip of the motor can 
be increased from 1 or 2 percent to 10 percent or more. 
In order to transfer full load to the system, the set must 
then slow down considerably and the fullest advantage is 
thus taken of the inertia of the set and the additional fly- 
wheel. The extent to which improvement by this means 
may be carried is limited by cost and each case must be 
considered on its own merits. Limitation of peak demand 
is probably not feasible for loads in excess of about 3 
seconds, but the reduction of rate of load application 
may nevertheless be of benefit. 

Figures 23 and 24 bring out in graphic form the points 
discussed above. These curves were calculated using typi- 
cal machine constants, and to facilitate computation, losses 
were neglected except when used to calculate speed changes 
on the induction sets. 

The curves of Fig. 23 are for a load on 114 seconds and 
off 414 seconds. Curve (a) represents the load drawn by 
the synchronous set, and shows that it takes approximately 
0.2 seconds for the system load to equal the generator load, 
and also that an “overswing” of about 35 percent makes 
up for the deficiency between input and output during the 
first 0.2 second. A similar swing occurs when the load is 
dropped. Curve (b) shows the load drawn by a standard 
squirrel cage induction motor subject to the same load 
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Fig. 23-—Curves showing the relation between the power sup- 

plied by the generator and the power taken from the system 

for motor-generator sets using three types of motors. Gener- 
ator load on for 1.5 seconds. 
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Fig. 24—-Curves showing the relation between the power sup. 

plied by the generator and the power taken from the system 

for motor-generator sets using three types of motors. Gen- 
erator load on for 0.1 second. 


cycle. It can be seen that the system load builds up at 
about half the rate as for the synchronous motor, and that 
it does not become equal to the applied load until the end 
of the load application. The system load never exceeds 
the applied load disregarding, of course, m-g set losses, 
and the difference between input and output during the 
early part of the load cycle is compensated by a similar 
exponential continuance of load on the system for some 
time after the applied load has ceased. Curve (c) is for a 
wound rotor motor with a constant secondary resistance 
and a flywheel. The relation between slip, flywheel effect 
and load cycle is such that although the generator load 
goes on and off, the system load never drops to zero. The 
rate of load application is very low, and the system peak 
is only about a third of the load peak. 

The curves of Fig. 24 are for a load cycle of 0.1 second on 
and 5.9 seconds off. Curve (a) is for a synchronous motor 
and shows that the peak system load is about two-thirds 
of the generator load. Curve (b) is for the squirrel cage set 
and shows a system peak of less than 4 of the generator 
peak, Curve (c) is for the flywheel set and shows a system 
peak of about 3 percent of the load peak. 

Figures 23 and 24 are of interest in illustrating the manner 
in which motor-generator sets transfer power from load 
to line, and suggest the conditions under which the various 
motors are most suitable. As pointed out previously, the 
phase balancing and power factor improvement qualit es 
are usually the most valuable factors in the correction 
of flicker. 

There are so many variables in load, power factor, duty 
cycle, etc., that general figures on the improvement that 
can be expected may be open to criticism.» For very ®P" 
proximate purposes, however, it can be expected that if the 
load changes last one second or more, either synchronous 
or squirrel cage induction sets without flywheels reduce 
the voltage drop to 1% for single-phase loads and to ¥% for 
polyphase loads. The perceptibility of the flicker 18 re- 
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duced still further by the slower rate at which the voltage 
dips, particularly with the induction set. For loads of very 
short duration such as 4% second and less the voltage drop 
may be reduced to 1/10 or even 1/20. 

Motor generator sets may be had with either single- or 
three-phase generators. I¢ven when the generator is single 
phase, it is customary to use a three-phase star stator 
winding using only two legs in series. The third phase is 
wound for possible future use, or to increase synchronizing 
power if paralleled with other units, or dummy coils may 
be placed in the slots. If single-phase loads are to be 
carried, the field must be built with low resistance damper 
windings to minimize rotor heating. In the larger sizes, 
single-phase machines are mounted on springs to minimize 
vibration due to the pulsating torque caused by single- 
phase operation. 

When more than one utilization device causing flicker is 
involved, the question of a single m-g set versus an m-g set 
for each such load must be answered. In these cases it is 
very important to consider the regulation of the generator 
of the set and how constant a voltage is required by the 
utilization devices. For example, it frequently happens 
that a factory is using several electric welders which pro- 
duce 5 percent voltage dips of very objectionable fre- 
quency. This 5 percent drop usually does not affect the 
performance of the welders, and they could be operated 
at random on the power system. If a motor-generator set 
is to be used, however, the transient reactance of the gen- 
erator is apt to be as high as 35 percent based on its rated 
current, and, assuming that the welder reactive current 
equals the generator rating, a 35 percent drop in voltage 
would occur. If only one welder is operated at a time, this 
is quite satisfactory, as the welder tap can be set. on the 
basis of ‘‘closed circuit” voltage, that is, the regulation of 
the generator can be taken into account. If, however, 
another welder is operated simultaneously, even though 
on another phase, the additional voltage drop, uncom- 
pensated by the welder tap, is enough to spoil the weld. 
In order to operate several “‘choppy”’ loads simultaneously 
from the same m-g set, it is therefore necessary to use an 
oversize generator (from a thermal standpoint) to keep 
the regulation within required limits. Alternate solutions 
are to interlock utilization devices so that they cannot 
operate simultaneously or to provide separate m-g sets for 
each device. Another alternative is to use one common 
driving motor and several separate generators on the same 
shaft. The separate m-g set plan has the advantage of 
permitting operation at partial capacity in case of damage 
to one set, but is costlier. 


4. Phase Balancers 


In industrial plants a large percentage of the potential 
causes of flicker are single-phase devices. A discussion of 
phase balancers is, therefore, of interest, although there 
have been few commercially installed. 

In a single-phase circuit the flow of power pulsates at 
a frequency twice that of the alternating supply, whereas 
in a balanced polyphase circuit the flow of power is uni- 
form. Therefore, in order to effect a conversion between 
a single-phase and a polyphase system, some energy stor- 
age is necessary. This storage may be made in static de- 
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vices such as inductances and capacitors, or in rotating 
equipment with mechanical inertia. Except for small sizes, 
the static equipment has not yet been found commercially 
practical. 

A lack of appreciation of this fundamental energy re- 
quirement has led to frequent proposals of schemes at- 
tempting single-phase to polyphase conversion by trans- 
former connection. Fig. 25 is typical of these schemes. It 
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Fig. 25—Unsound attempt to supply balanced three-phase 
power to a single-phase load. 


is not only completely ineffective for its intended purpose, 
but is also wasteful of transformer capacity. Although the 
transformers are all loaded equally, the currents drawn 
from the source as shown by the current arrows, are still 
single-phase, and a single-phase transformer is, therefore, 
preferable. 

The most familiar type of phase converter is that shown 
in Fig. 26. It has been extensively used in railway electri- 
fications to convert single-phase power from the contact 
system to three-phase power for the locomotive motors; 
this is merely the converse of the phase-balance. As shown, 
a rotating two-phase machine is connected to the three- 
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Fig. 26—Schematic diagram for phase converter used ex- 

tensively on railway electrifications to convert single-phase 

power from the trolley to three-phase power for the locomo- 

tive motors. A rotating two-phase machine is connected 

through the equivalent of a Scott-connected transformer to 
the three-phase power system, 
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phase power system through the equivalent of a Scott- 
connected transformer, which also serves as the primary 
for the single-phase load winding. The two-phase machine 
may be of the induction type and act as a phase converter 
only, or it may be synchronous and used for power factor 
correction as well. Because of the regulation of the ma- 
chine, the source currents are not balanced during variable- 
load conditions, unless the taps on the transformer winding 
are varied. From this point of view, it is not very suitable 
for “choppy” loads. Where there are several separate 
single-phase loads to be served, the capacity of a converter 
of this type must be equal to the sum of the individual 
loads. 

The series type of phase converter is shown in Fig. 27. 
This is probably most efficient for conversion from three- 
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Fig. 27—Series type of phase converter from three phase to 
single phase, 


phase to single-phase, where the single-phase load is not 
expected to grow, cannot be distributed between phases, 
and where no power factor correction is required. It con- 
sists of a counter-rotational induction-type series machine, 
connected through transformers in such a manner as to 
offer a high impedance to negative-sequence current be- 
tween the single-phase load and the three-phase supply. 
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Fig. 28—Series impedance type of phase balancer. 
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When a single-phase load is suddenly applied, a magnetiy. 
ing transient results, so that part of the negative-sequence 
component of load current is passed on the source, Al- 
though this transient subsides in about 0.1 second it 
detracts considerably from the value of the scheme for 
use with “choppy” loads. 

The series impedance balancer shown in Fig. 28 consistg 
of an auxiliary induction-type machine in series with the 
polyphase supply and with the main shunt machine, 
The single-phase load is drawn from betiveen the two, 
The series machine rotates oppositely to normal direction 
for positive-sequence applied voltage, and therefore, offers 
high impedance to negative-sequence currents and low 
impedance to positive-sequence currents. The shunt ma- 
chine therefore takes the negative-sequence component of 
load current. The positive-sequence compcnent of load 
current is taken by the system if the shunt is an induction 
type unit. If a synchronous type unit is used for the shunt 
machine, it can also take the wattless component of load 
current with suitable control of excitation. As with the 
series phase converter, the series machine does not imme- 
diately respond to load changes, and temporarily (for about 
0.1 second) some unbalanced current is drawn from the 
source. The scheme, like the series phase balancer, is in- 
herent in its action, no regulators being required unless 
power factor correction is used. This method has one 
important advantage over the previous two schemes in 
that the size of the shunt machine need only be enough 
to take care of the maximum unbalance of load. For ex- 
ample, if there are a number of individual single-phase 
loads as illustrated in Fig. 29, they may be distributed 
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Fig. 29—Effective use of a synchronous condenser in connec- 
tion with a fluctuating load. 


between the phases, and the shunt machine need carry 
only the unbalance component. The series machine must, 
however, have enough capacity to carry the total positive 
sequence current. 

Phase balancers, as a class, are not particularly suitable 
for flicker elimination except perhaps in borderline cases 
where only a moderate improvement (perhaps a one-half 
reduction in voltage dip) is required. In this case they 
may be the cheapest and most efficient remedy. 


5. Synchronous Condensers 


The voltage dip on a power system resulting from & 
suddenly applied load is equal to the vector product of 
the current and the system impedance giving proper con- 
sideration to vector positions. Consequently, one Way 
reducing flicker is to reduce the system impedance. Usu- 
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ally, the system impedance is predominantly inductive, 
and flicker is caused by current of low power factor so that 
most of the valtage drop is due to the reactive component 
of the system impedance. For example, suppose that the 
system impedance based on the load current is 1 percent 
resistance and 4 percent reactance and the load is at 50 
percent power factor. A close approximation of voltage 
drop may be obtained by adding only those components 
of impedance drop that are in phase with the voltage. 
‘Thus, the resistance component of line drop is the 1 percent 
resistance times the 0.5 unit of current or 14 percent, and 
the reactive component of line drop is the 4 percent re- 
actance times the 0.866 unit of current (for 50 percent 
power factor) or 3.5 percent. The total voltage drop is 
therefore 4 percent, of which 3.5 percent is due to system 
reactance. This predominance of reactive component has 
led to frequent proposals to use synchronous condensers 
in parallel with the system as a means of reducing system 
reactance and thus improving flicker conditions. This 
method, while feasible in principle, is not usually eco- 
nomical in practice, as a brief consideration shows. The 
system reactance to a customer’s service point may range 
from a fraction of a percent to 10 or more, but on an 
average is probably around 5 percent, based on the cus- 
tomer’s kva demand. The subtransient reactance of a 
standard synchronous condenser is around 25 percent of 
its rating. Therefore, if a synchronous condenser of the 
same kva rating as the load is installed, the resultant 


. 3X25 . ; 
reactance Is 2 4.2 percent and the flicker voltage is 


4.2 
reduced to only 50784 percent of its value without the 


condenser. 

The effectiveness of a synchronous condenser can be 
much improved by the use of reactors between the power 
system and the load and operating the condenser from 
the load bus, as shown by Fig. 29. This scheme permits 
greater voltage fluctuations on the condenser and, there- 
fore, causes it to bear a greater proportion of the fluc- 
tuating component of current. The customer’s bus volt- 
age, of course, undergoes the same voltage fluctuation, and 
this fact plus the fact that only a limited amount of series 
reactance can be used without unstable condenser opera- 
tion, limits the extent of improvement. In most instances, 
it is likely that a reduction of flicker to one-half its un- 
compensated value is the economic limit of correction by 
this means. Where only this amount of correction is suffi- 
cient, the synchronous condenser and series reactor scheme 
may be the best economic solution, considering the power 
factor correction and control of voltage level afforded by 
the machine. 

The suggestion has been made of using a driving motor 
for the synchronous condenser to permit higher values of 
series reactance without instability. This arrangement is 
the equivalent of a motor-generator set with a reactor 
paralleling the motor and generator ends. This scheme 
has never been used in practice, but calculations of per- 
formance and cost estimates indicate that there is little 
advantage compared with the straight m-g set or con- 
denser-reactor schemes. 

The benefits from the use of synchronous condensers 
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for flicker reduction depends in a large measure upon how 
low the subtransient and transient reactances can be made. 
The modern standard low-speed salient-pole synchronous 
condenser has been developed primarily for power factor 
correction and voltage control, and low-cost and low-loss 
condensers have relatively high reactance. A typical ma- 
chine has subtransient and negative sequence reactances 
of about 25 percent and a transient reactance of 35 percent. 
A reduction in these reactances usually results in both 
higher costs and losses. The high-speed (3600 rpm) cylin- 
drical-rotor type of machine inherently has lower react- 
ances, perhaps one-half or less, but the cost and losses 
are both greater. In larger sizes and where other circum- 
stances are favorable, the overall economy may justify the 
use of outdoor highspeed hydrogen-cooled synchronous 
condensers of low reactance. 

Another way to decrease the reactance of the synchro- 
nous condenser is to use capacitors in series with the 
machine leads. The capacitive reactance partially nullifies 
the machine’s inductive reactance giving a lower net re- 
actance. This scheme theoretically should be quite effec- 
tive and economical. However, the series capacitors may 
cause the synchronous condenser to hunt. The boundaries 
of satisfactory operation have not been fully explored, and 
predetermination is difficult. It is expected that after an 
experimental installation of this form of compensation is 
made that practical information will be available. 


6. Series Capacitors 


A general treatment of the use of capacitors in power 
systems is given in Chapter 8. The following discussion 
is concerned primarily with those aspects of capacitor 
application that are related to the problem of lamp flicker. 

There are two main uses of series capacitors, depending 
whether they correct for the inductance of the supply or 
for that of the load. Their most familiar use is for line drop 
compensation; the application to equipment correction is 
more recent and shows much promise, as it improves con- 
ditions in the entire system, whereas the line capacitors 
benefit only those customers beyond the point of capacitor 
installation. 

Being in series with the entire power circuit, series ca- 
pacitors are instantaneous in their corrective effect. This 
is perhaps their most valuable advantage because any 
change in line current causes an immediate change in 
compensating voltage. Another advantage is that they 
generate lagging reactive kva proportional to the square 
of the current, thereby improving the power factor. 

Series Capacitors Connected in Line—Fig. 30 shows 
in (a) a layout ordinarily favorable to the application of 
series capacitors. The transmission substation is assumed 
to have bus voltage regulation so that the voltage is fairly 
constant. The step-down transformer bank and the low- 
voltage line feed a distribution substation serving the 
fluctuating load and lighting loads; no loads are served 
at intermediate points between the substations. The series 
capacitor may be installed near the transmission sub- 
station, as shown in (6), or near the distribution substation. 
Another alternative is to install the capacitors between 
the transmission substation bus and the step-down trans- 
former (depending upon which voltage is more suitable 
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for standard capacitors). The voltage along the line is 
shown by the diagram at (c), Curve A showing the un- 
compensated voltage and B the compensated voltage. The 
point of interest emphasized by (c) is that the compensat- 
ing voltage is introduced in one step while the voltage 
drop along the line is uniform. For this simple case with 
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no intermediate line loads, the voltage gradient along the 
line is unimportant, and, subject to limitations outlined 
later, complete voltage-drop compensation at the distribu- 
tion substation may be secured. 

The vector diagrams for series capacitors at various 
power factors are shown in Fig. 31. These diagrams show 
that only the inductive component of line impedance is 
compensated by the capacitor. However, if the power 
factor of the load increment is low and constant, it is 
possible to over-compensate for the system reactance, and 
thus partly or completely nullify the resistance component 
of line drop. With variable loads and power factors this 
procedure can cause undesirable voltage-regulation char- BAH 
acteristics and therefore each case of over-compensation FeREEEEtE 
must be considered on its own merits. 

Where there are distributed loads along a line, it is nec- 
essary to consider the location of the capacitors. The ca- 
pacitor gives its full voltage boost at the point of its in- 
stallation, and therefore loads immediately ahead and 
behind the capacitor differ in voltage by the amount of 


uae : . - aaa SENDING 
boost in the capacitor. In general, the best capacitor loca seer O2ae WLTH CAPACITOR 
a 


TTT] 
tI 
caae 


inl 
ST 7 


SEES 


SENDING 
Bald Deu CAP 


Fe 


ret 
PH 


iat 


oe z 
eatin? 
Pace tae ete 


Ahh 


TON 


Fig. 31—The vector diagrams show the voltage drop across the 

series capacitor required if a capacitor is added so that the 

sending voltage will be the same as the load center voltage 

when the load power factor is (a) 90 percent; (b) 75 percent; 
(c) 60 percent. 
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tion is one-third the electrical distance between the source 
and the flicker-producing load, as shown by Fig. 32. 

In principle series capacitors are effective in reducing 
flicker caused by practically all types of fluctuating loads. 
However, their effect is only beyond their point of instal- 
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Fig. 32—Percent voltage regulation—in general, by placing 

the series capacitor about 4 of the electrical distance between 

the source and the load, the voltage on both sides of it are 

kept within plus or minus limits in which flicker is not 
objectionable. 


lation; hence they do not correct the system as a whole. 
For example, a series capacitor installed just ahead of 
substation B in Fig. 33 may remove most of the voltage 
fluctuation on that bus. However, at Station A, there 
may still be considerable voltage fluctuation, as the series 
capacitors do not correct the supply circuits. Another 
point to be noted from Fig. 33 is that the series capacitor 
must be large enough to carry all loads beyond its point 
of installation. Consequently, if the flicker-producing load 
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Fig. 33—Series capacitor must be large enough to carry total 
substation load. 


is small as compared with normal load, the cost of the 
series capacitor is too high for the correction obtained. 
Series capacitors are therefore economical primarily where 
the flicker load is a large portion of the total, where the 
circuit resistance is equal or lower than the reactance, 
where the flicker-producing load is of low power factor, 
and where the supply circuits are fairly long. 

Under certain circumstances series capacitors will pro- 
duce, in conjunction with other apparatus, voltage or cur- 
rent surges in the line. The magnetizing inrush current of 
transformer banks, and the self-excitation of synchronous 
or induction motors are some of the factors causing this 
phenomenon, which is too involved for treatment here, but 
is discussed in items 4 and 5 of the table of references. 
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Fig. 34—-Series capacitor installed with a welding load to 
reduce kilovolt ampere demand and improve power factor. 


Capacitors in Series with the Equipment—This ap- 
plication is limited to utilization equipment with a constant 
inductive reactance, for which it is possible to compensate 
with a series capacitor, so that the load drawn from the 
supply circuit is practically at unity power factor at all 
times. Thus, although the power drawn from the line is 
still fluctuating, the resultant flicker voltage is greatly 
reduced. Figure 34 shows such compensation applied toa 
welding transformer. Inasmuch as the load itself is cor- 
rected, the benefits are felt all over the supply system. 
Several such applications have been successfully made to 
spot and seam welders (see reference 3). 


7. Shunt Capacitors 


Contrary to frequent misconceptions, permanently con- 
nected shunt capacitors are of no benefit whatever in 
minimizing flicker; in fact, they may make it slightly 
worse. An example shows the reason readily. A system 
with 10 percent inductive reactance in the supply leads, 
serving an intermittent load having an inductive reactance 
of 100 percent is shown in Fig. 35 (a). Resistance in both 
line and load will be neglected to simplify the example, 
but the same general effect will be observed if resistance 


+jlo% +jlO% 

Es Et Es EL 
x 3 
8 ~j100% SS 
+ * 

(a) (b) 
Fig. 35—-Shunt capacitors are not effective in reducing voltage 

dips. 


were present. When the switch is open HL, = E's. When the 
10 
ag : Hs=91 
+j10+ 7100 
percent Hs. Fig. 35 (b) shows a similar circuit except a 
capacitor having a reactance equal and opposite to that of 
the load is permanently connected in the circuit. When 
—j100 
poem Mabie (eee | 
+j10—j100" 111 
percent Hg. When the switch is closed, the net load im- 
(—j100)(+ 100) : 
SENET V.7- "5 BUCY 77 iisieand his that th 
~F100-+)100 This means tha e€ 
combination of the capacitor and reactor draws no current 
from the source, and E,=#s. Thus, comparing the two 
cases, without the capacitor the voltage drops from 100 
percent to 91 percent, a change of 9 percent. With ca- 


switch is closed, the voltage at HL= 


the switch is open, the voltage Z,= 


pedance is 


738 


pacitors, the voltage drops from 111 percent to 100 percent, 
a change of 11 percent. 

Shunt capacitors connected to utilization equipment so 
that they are switched in accordance with load, reduce 
voltage drop. To be effective, the utilization device must 
draw a current that is substantially constant in magnitude 
and power factor during the ‘‘on’’ period, as, for example, 
some forms of resistance welders on which long runs are 
made without change of set-up. Motor starting is one 
example of an application to which shunt capacitors can- 
not be used effectively in this manner for flicker reduction. 
Motor inrush current approximates six times full load. If 
this is neutralized by a shunt capacitor, the initial voltage 
dip is greatly reduced. However, when the motor comes 
up to speed, the voltage rises above the initial voltage. 


8. Voltage Regulators 


Voltage regulators are also totally unsuited to correcting 
flicker. This statement applies both to generator voltage 
regulators, or to step- or induction-type feeder regulators. 
These devices operate only when the voltage changes; 
furthermore there is a time lag before voltage is restored 
to normal. As shown in Fig. 3, abrupt changes in voltage, 
the ones that voltage regulators cannot eliminate, are the 
very ones to which the human eye is most sensitive. Con- 
sequently, the flicker is perceived before the regulator can 
even start. It is sometimes thought that an electronic 
regulator and exciter can eliminate this difficulty and pre- 
vent voltage dips. However, the field time constant of the 
generator which in large units is as high as 10 seconds and 
even in very small machines may be one second, makes 
correction by this means impossible. 


9. Compensating Transformers 


As illustrated in Fig. 36, a compensating transformer is 
similar in effect to a line drop compensator used in voltage 
regulator control except that the size of the elements is 
that of a power device rather than that of an instrument. 
The current drawn by the flicker-producing load passes 
through a resistance and reactance branch, and the voltage 
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Fig. 3s-—Compensating transformer can be used in very spe- 
cial cases to reduce voltage dips. 


drop thus created is added to the lighting-load voltage by 
means of a series transformer. By proper selection of the 
resistance, reactance, and series-transformer ratio, the 
flicker in the lighting circuit may be eliminated almost 
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completely. Satisfactory results can often be obtained b 
omitting the resistor, and in such cases, the apparatuy 
becomes simply a transformer with an air gap jn its 
magnetic circuit. 

Despite the technical simplicity of this scheme, jt has 
practical and economic limitations. It is apparent that 
the improvement in the lighting circuit is obtained at the 
expense of the flicker-producing load. This limits the ap- 
plication to cases where the lighting load is only a smal] 
proportion of the total. In general, the equipment must 
be individually designed for a specific set of conditions 
since the proportions and size are affected by the line volt. 
age, line drop, total current, and ratio of loads. Should 
system changes necessitate its removal, there is small like- 
ihood of being able to use the compensating transformer 
elsewhere. The cost of the apparatus is rather high because 
it is not standard. 


10. Motor Starters 


As pointed out under ‘Utilization Equipment,” most 
motors can be started directly across the line because even 
the larger sizes are usually supplied from heavy feedery 
compared to the size of the motor. Where this is not the 
case, a starter may be required if the starting is frequent. 
It is difficult to generalize on the question of motor start- 
ing, because individual cases vary with the motor size, 
type, and the starting torque of both motor and load. 

Starting ‘‘compensators” are now being used much less 
than formerly. This is due largely to the acceptance of 
across-the-line starting, but also to the realization that 
the tivo voltage dips caused by the compensator may be 
as objectionable as one larger dip when starting across the 
line. In this respect reactor starting is superior, because 
the circuit is not opened at transition, and the reactor: 
short-circuiting operation may not result in a noticeable 
voltage dip if the motor is substantially up to speed. A 
reactor starter causes a greater initial voltage drop than 
a compensator, because the starting kva is decreased only 
directly as the starting voltage and not as the square of 
the voltage. 

When the continuous-load rating of the feeder is the 
same as of the motor, the use of wound-retor motors with 
stepped-resistance starters in the rotor circuits usually 
avoids annoying flicker. The cost of thé motor and con- 
trol is greater, but where the motor is near the end of a 
long line and is started frequently, this may be the most 
economical choice. 

Where motors are started infrequently, but where the 
resultant voltage dip is still objectionable, some form of 
increment starter may be warranted. In a starter of this 
type, the stator current is increased in steps until the motor 
rotates, and the remaining impedance is cut out of the 
circuit after the motor has reached full speed. There are 
no standard starters of this type on the market, and the 
few that have been built have been specially designed 
for the particular service. In general, they represent & 
combination of auto-transformer and reactor starting, the 
switching being done without opening the circuit during 
the entire sequence. 

Resistance starters in the stator circuits have been em= 
ployed. On small integral horsepower motors the simplest 
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and cheapest of these is a single-step resistor which is cut 
out after the motor comes up to speed. As with reactor 
starting used on larger motors, the short-circuiting of the 
resistor does not usually cause a noticeable voltage dip, 
and the initial dip of course is considerably reduced. Re- 
sistance starters should be adjustable for individual re- 
quirements; in extreme conditions a variable resistor may 
he desirable. These starters are in general more expensive 
and more difficult to maintain by unskilled attendants. 


11. Excitation Control 


This involves single-step increments of the field excita- 
tion of synchronous motors by switches actuated by the 
equipment causing the flicker. This method is generally 
ineffective in climinating flicker caused by abrupt voltage 
dips as explained under “Voltage Regulators.’’ However, 
it, can reduce considerably the width of the band of voltage 
regulation, which annoys power-supply companies by caus- 
ing too frequent operation of feeder-voltage regulators as 
they attempt to compensate for the voltage swings. Such 
swings are caused by continuous strip rolling mills, large 
electric shovels, etc., where the variations of load are large, 
but where the rates of application and removal are moder- 
ate, say 10 to 30 percent per second. 


12. Load Control 


In some cases it is possible to minimize lamp flicker by 
controlling manufacturing processes. For example, in a 
plant operating two or three resistance welders, it may be 
possible to provide interlocks so that not more than one 
is operated at the same instant. A remedy of this kind is 
only possible if the ‘‘on” time is short compared to the 
“off” time, otherwise the production rate would be slowed 
up considerably. Similarly in arc-furnace work the vio- 
lence of the current swings during melting can be reduced 
by lowering production rate during this phase of the cycle. 
It, is also possible to perform flicker-producing operations 
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GEN. STA. 


SUBSTATION 


GENERAL 
LOADS 


NORMALLY OPEN 


FLUCTUATING 
LOADS 
(b) 
Fig. 37—System layout. 
(a) Fluctuating load on substation bus affected all loads fed from 


bus. 
(b) Fluctuating load feeders separated from rest of the load. 


at a time when the lighting load is low. Control of load 
is not a very general solution to reduction of flicker, and 
it is employed in but few cases. 


13. Flywheels 


A general discussion of the effect of flywheels is given 
under ‘‘Motor-Generator Sets,’’ but the same principles 
apply to direct-driven apparatus. This method has con- 
siderable value for mechanical loads having short durations 
with long ‘‘off”’ periods, such as shears, punch presses, etc. 


14. System Changes 


In practically all cases of flicker caused by utilization 
equipment, there is a direct relationship between the 
amount of the flicker and the size of the power supply 
system. For example, assume that a welder causes a three- 


TABLE 2 


Remedial Measures 


1 2 3 4 5 6 7 10 11 12 
re Micke 0 » 
Source of Flicker n Sn p n n| & 5 c 2 = 
29S} 221 »S|/ 28] 2S] sé Ee} 22 Si ¢ | 28 
G2) 25| S| £3| $3] 82/ 28) €2| SE) BE] B | OF 
1 3 i 2s 1. a ~~ ve a 
S36 a p ra 
O} PS S) Oo mS & & ml & Z 
Generating Equipment 
Prime Movers.................... B B B B B B B AX B 
Excitation Systems................ B B B B B B B B B 
Short Circuits and Switching Surges.| B B B B B B B AX 
Utilization Equipment 
Motor Starting........0000....0.00.0. AZ B AZ AX B B AZ B AY 
Motor Driven Reciprocating Loads..| AZ B AZ AY B B B AX | AY 
Motor Driven Intermittent Loads...| AZ B AZ AY B B B AX | AY 
Electric Furnaces................. AY AZ AX AZ B B AY B AX 
Electric Welders.................. AX AZ B B AY 


A—Technically Suited 
B—Technically Unsuited 
X—Frequently Economical 


Y¥—Possibly Economical 
Z—Rarely Economical 
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percent voltage flicker on a residential substation, where 
only one percent is acceptable. Tripling the size of the 
supply to the substation would reduce the flicker to the 
required level, and this would constitute one way of elim- 
inating the flicker. If this were done by multiplying the 
number of incoming lines and transformer banks by three 
it would probably be the most costly of all possible correc- 
tive measures. Usually more economical system changes 
can be made. 

A common form of substation supply with two or more 
feeders from the generating station paralleled to a single 
bus is shown in Fig. 37(a). With this arrangement, all loads 
fed from the substation are subjected to any flicker produced 
on the outgoing feeders. Figure 37 (b) shows a low voltage 
bus divided into two sections, one for residential and com- 
mercial loads, the other for industrial loads. This layout 
is based on the fact that voltage fluctuations objectionable 
to residential customers are acceptable to industrial users. 
There is probably a greater flicker tolerance in shop work 
than in residence lighting, and industrial plants are usu- 
ally willing to accept flicker when it is caused by their 
own operation. 

Other methods of stiffening the power system involve 
changing the voltage of the supply line, tapping nearby 
high-voltage, high-capacity lines, adding more transformer 
capacity, or running a separate line to the flicker-producing 
load. Local conditions determine what remedial measures 
are most suitable in a particular case. Occasionally system 
increases are justified if the additional capacity may be 
needed later anyway. 


15. Comparison Chart 


A reference chart showing at a glance the remedial meas- 
ures available and those most promising for a particular 
type of flicker is shown in Table 2. Inasmuch as the best 
technical solution may not be the most economical, the 
remedies are compared from both points of view. 
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COORDINATION OF POWER AND COMMUNICATION SYSTEMS 


Original Author: 
R. D. Evans 


if | \HIS chapter deals with the coordination of power 

and audio-frequency communication systems, in- 

cluding telephone, telegraph, supervisory-control, 
and pilot-wire relaying circuits. The presentation is from 
the standpoint of the power engineer with particular at- 
tention to the characteristics of power apparatus. Part I, 
Basic Principles, gives a general background of the co- 
ordination problem in order to provide proper perspective 
to the subjects treated. Detail discussion of the problem 
is given in Part H, Low-Frequency Coordination, and 
Part III, Noise-Frequency Coordination. 


I, BASIC PRINCIPLES 


When a power and a communication circuit are operated 
in proximity, the power circuit may produce certain con- 
ductive or inductive effects, which may interfere with the 
normal operation of the communication circuit. These 
electrical interference effects, which appear as a result of 
extraneous voltages and currents in the communication 
circuit, may be minimized by measures that are applicable 
to either circuit alone, or to both. Such measures provide 
the basis for the coordination of power and communication 
circuits to avoid interference, as discussed in this chapter. 


1. Interference and Coordination 


Definitions of interference and coordination as adopted by 
the National Electric Light Association and Bell Tele- 
phone System ', with slight rephrasing, are: 


Interference is an effect arising from the characteristics and 
interrelation of power and communication systems of such char- 
acter and magnitude as would prevent the communication sys- 
tem from rendering service satisfactorily and economically if 
methods of coordination were not applied. 

Coordination is the location, design, construction, operation, 
and maintenance of power and communication systems in con- 


formity with harmoniously adjusted methods which will prevent 
interference. 


2. Nature and Importance of the Problem 


The electrical-coordination problem arises principally 
because two distinct types of circuits or systems are em- 
ployed, namely, (1) power systems for generation, trans- 
mission, and distribution of electrical energy, and (2) com- 
munication systems in which electrical energy is used 
incidentally for the transmission of signals. Another im- 
portant consideration arises from the fact that the user 
of electrical energy is generally also a user of electrical 
communication. For example, power lines for delivering 
electricity to homes and factories are roughly paralleled 
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by telephone circuits required to give electrical communi- 
cation for the same places. The coordination problem be- 
comes cumulatively more severe as the power systems 
supply increasing amounts of load and the communication 
systems become increasingly sensitive. There is also the 
complication caused by the introduction of newer uses for 
electrical energy and for electrical communication. 

The effects of extraneous voltages and currents on 
communication systems are varied in character, and in- 
clude hazard to persons, damage to apparatus, and in- 
terference with service. The damage to the physical plant 
includes the effects resulting from overheating, from break- 
down of insulation in lines and apparatus, and from elec- 
trolysis. The interference with service includes such effects 
as noise and acoustic shock in the telephone circuits, 
false signalling in telephone, telegraph, and supervisory- 
control circuits, as well as disruption of service. Communi- 
cation circuits are usually equipped with devices that, 
when subjected to excessive voltages, provide protection, 
but in so doing may render the circuit inoperative for 
communication purposes not only for the duration of the 
abnormal voltage condition but also until maintenance 
work can be done. 

The coordination problem is extremely widespread; 
practically every type of electrical circuit has interfered 
with some other type of electrical circuit. For example, 
power-supply circuits have interfered with audio- and 
carrier-frequency telephone and telegraph circuits, ma- 
chine-switching and supervisory-control circuits. Simi- 
larly, d-c and a-c railway circuits have interfered with 
practically every type of communication circuit. It is an 
interesting and significant fact that communication cir- 
cuits interfere with one another, not only in the form of 
“cross fire” between telegraph circuits but also in the form 
of “crosstalk’”’ between telephone circuits on the same pole 
line. Power circuits can interfere with each other. For 
example, a ground fault on a transmission circuit can im- 
press high induced voltages on a neighboring low-voltage 
distribution circuit and produce apparatus failure or circuit 
outage. 


3. The Origin of Extraneous Voltages 


Extraneous voltages in communication circuits arising 
from power circuits are caused by: 
Conduction 
(a) Metallic cross 
(b) Ground potential 
Induction 
(a) Magnetic induction, a current effect 
(b) Electric induction, a voltage effect. 
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Conduction is an important factor where circuits of 
the two types are located close together as, for example, 
where the circuits cross each other or are located on the 
same pole line, or where one pole line is overbuilt by 
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Fig. 1—Schematic diagrams illustrating the production of ex- 
traneous voltages in a communication circuit by conduction 
from a power circuit. 


(a) By metallic cross. 
(b) By rise in ground potential through use of ground connections 
common to both types of circuits. 
TE Telephone terminal equipment. 
P Protectors on communication circuit. 
8G _ Station-ground resistance. 


another. Under these conditions a conductor failure or 
an extraneous wire may produce a metallic cross between 
the different types of circuits as illustrated in Fig. 1 (a). 

A second and somewhat less obvious method of impress- 
ing extraneous voltages and currents on a communication 
system results by conduction from a common use of earth 
connections. Power circuits, except railway traction cir- 
cuits and multi-grounded neutral circuits, do not make 
intentional use of the earth under normal conditions except 
as a means for stabilizing the power-system neutral, and 
under fault conditions to limit the voltages and to provide 
adequate currents for relaying purposes. For this reason 
large ground-potential effects are almost invariably as- 
sociated with fault currents through ground connections. 
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On a power system a fault to ground causes a rise of po- 
tential of the power-station neutral or ground bus ag shown 
in Fig. 1 (b). This potential rise can be estimated from the 
magnitude of the ground current and of the station-groung 
resistance SG which is of finite but low value. This rise of 
ground potential may be impressed on a communication 
circuit in the following manner. If a telephone circuit 
connects the power station and a remote central office 
telephone protectors are connected to the power-station 
ground bus to avoid hazard to the user of the telephong 
circuit at the power station. Similarly, telephone pro. 
tectors are used at the central office for protection against 
lightning and other extraneous voltages. Consequently, 
upon the occurrence of a ground fault, the rise in potential 
at the power station produces a voltage that is impressed 
upon the telephone circuit and the two sets of protectors 
as shown in Fig. 1 (b). This type of problem occurs fre. 
quently in connection with power-company communica. 
tion systems, and in supervisory-control and pilot-wire 
relaying systems. 

A fault causing ground currents in a power circuit also 
impresses upon a paralleling telephone circuit a corfpo- 
nent of voltage in phase with the ground current of the 
power circuit. These conductive or ground-potential ef- 
fects are closely related to inductive effects and in many 
cases are difficult to separate. As a matter of convenience, 
both effects are considered under inductive effects in the 
subsequent discussions. 

Magnetic induction, or electromagnetic induction, 
as used in this chapter, applies to the voltages induced in a 
communication circuit as a result of currents flowing in a 
power circuit. Consider a single-phase metallic* power 
circuit carrying a current of J amperes, and a metallic* 
communication circuit located in proximity, as shown in 
Fig. 2. Magnetic fields around the power conductors are as 
shown for an elementary section in Fig. 2 (b). The com- 
munication conductors C, and (C; lie in positions of different 
field strengths so that unequal voltages are induced in 
these conductors. 

When ground forms a part of the return circuit for the 
flow of power current, as when a line*to-ground fault 
occurs, the problem is quite similar and can be calculated 
on the basis of a concentrated return current in the earth 
located at some relatively great distance directly below 
the line conductor. The determination of the coefficient 
of induction or the coupling-factor under these conditions 
constitutes one of the more important problems in the 
analysis of fundamental-frequency effects. 

Electric Induction—An important source of extra- 
neous voltage on communication circuits, under normal 
operating conditions, may be electric induction from 4 
neighboring power circuit. By this is meant the voltage 
impressed on a communication circuit because of its po- 
sition in the electric field, or electrostatic field, produced by 
the circuit voltages of the power system. A section of line 
with power conductor P energized from a single-phase 
grounded source and with communication conductors C1 
and C, is shown in Fig. 3. It is to be recognized that there 

*By metallic circuit is meant one in which wires constitute the 
two sides of the circuit; that is, earth does not constitute one side 
the circuit. : 
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Fig. 2—Schematic diagram illustrating magnetic induction 
from a metallic power circuit on a metallic communication 
circuit. 


(a) Elementary section. 
(b) Equi-potential fields. 


are capacitances between conductors, and between con- 
ductors and ground. In Fig. 3 (b) is shown a cross-section- 
al view of the line together with equi-potential lines in the 
electric field produced by the conductor having a potential 
with respect to ground. If the communication circuit con- 
sists of two wires separated even a short distance, different 
potentials are induced on them for most locations. A 
typical power circuit involves three phase-wires, and the 
electric induction produced by the three phases determine 
the resulting potentials impressed on adjacent communica- 
tion conductors. 

Power-system voltages or currents which produce in- 
ductive effects in communication circuits can be classified 
as (1) positive- and negative-sequence components that 
are normally confined to the line conductors, and (2) the 
zero-sequence component for which the line conductors 
constitute one side of the circuit and the neutral or ground 
Wires, or earth the return. Obviously the coefficients of 
induction from power-system currents are different for 
these two cases. Telephone engineers are accustomed to 
use the term “balanced components’ for the positive- and 
hegative-sequence components and the term “residual 
component”’ for the quantity equal to the sum of the zero- 
sequence components in the three phases. Under normal- 
circuit conditions the negative-sequence component of 
fundamental frequency is usually negligible with the result 
that the balanced components are normally related to the 
positive-sequence component only. Under ground-fault 
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Fig. 3—Schematic diagram illustrating electric induction 
from a single-phase ground-return power circuit on a com- 
munication-circuit conductor. 


(a) Elementary section. 
(b) Equi-potential fields. 


conditions the zero-sequence component of fundamental 
frequency is predominately important because greater co- 
efficients of induction apply for the component that flows 
through the earth. Harmonic components may be of any 
of the three sequences as shown later. 

Voltages induced in metallic communication circuits can 
conveniently be resolved into components in a manner 
analogous to that for symmetrical components of poly- 
phase circuits. In the case of the metallic telephone circuit 
the resolution is made into (1) a longitudinal component, 
and (2) a metallic-circuit component. The longitudinal 
components of voltage in the two sides of the circult are 
identical and the corresponding components of voltages to 
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ground are identical. The metallic-circuit components of 
voltage and current, associated with each line conductor are 
equal in magnitude but opposite in phase so that they 
tend to circulate current around the metallic circuit. 

An equivalent circuit for analyzing the effects of elec- 
trically induced voltages on a metallic-telephone circuit is 
shown schematically in Fig. 4 (a). In this diagram, the 
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Fig. 4—Equivalent circuit for simulating electric induction 
and method of resolving induced voltages into longitudinal- 
and metallic-circuit components. 


(a) Equivalent circuit with total induced voltages. 
(b) Same circuit but with longitudinal-circuit components of in- 
duced voltages. 
(c) Same circuit but with metallic-circuit components of induced 
voltages. 
TE Telephone terminal equipment. 
Z_ Series-impedance circuit element. 
Z’ Shunt-impedance circuit element. 


induction is assumed to occur in the elementary section at 
the middle of the line with unequal voltages, #; and E,, 
induced on the conductors. The communication circuit 
is represented as having series impedance elements Z and 
shunt impedance element Z’, as shown in the diagram, 
together with terminal equipment TE. The equivalent 
circuit for electric induction requires the addition of sources 
of voltage EZ, and #, acting through capacitances C. The 
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tivo electrically induced voltages #, and FZ, may be resolved 
into longitudinal-circuit components, as shown in Fig. 4 
(b), and into the metallic-circuit components, as shown jn 
Fig. 4 (c). The equations relating the longitudinal- ang 
metallic-circuit components and the total induced Voltages 
for each conductor are also included. The impedances of 
the various circuit elements can be different for the long- 
itudinal and metallic circuits. 

The corresponding equivalent circuit for analyzing the 
effect of magnetically induced voltages is shown in Fig, 5 
(a). This diagram corresponds closely with Fig. 4 (a), 
except that the voltages are shown as being impressed in 
series with the line in the elementary section. Voltages 
magnetically induced in the two conductors can be re- 
solved into longitudinal- and metallic-circuit components 
as illustrated in Figs. 5 (b) and (c), respectively. The 
equations relating longitudinal- and metallic-circuit com- 
ponents and the total induced voltages in each conductor 
are also included. 
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Fig. 5—Equivalent circuit for simulating magnetic induction 
and method of resolving induced voltages into longitudinal- 
and metallic-circuit components. 


(a) Equivalent circuit with total induced voltages. 

(b) Same circuit but with longitudinal-circuit components of in- 
duced voltages. 

{c) Same circuit but with metallic-circuit components of induced 
voltages. 


TE Telephone terminal equipment. 


Z_ Series-impedance circuit element. 
Z’ Shunt-impedance circuit element. 
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4. Basic Factors—Influence, Coupling, and Sus- 
ceptiveness 
The coordination problem can be considered from the 
standpoint of the three basic factors, influence, coupling, 
and susceptiveness. Definitions of these factors, slightly 
rephrased from the form given in Reference 1 (a), are: 


Influence factors are those characteristics of a power circuit 
with its associated apparatus that determine the character and 
intensity of the inductive and conductive fields which they 
produce. 

Coupling factors express the interrelation of neighboring power 
and communication circuits from the standpoint of induction 
or conduction. 

Susceptiveness factors are those characteristics of a communi- 
cation circuit with its associated apparatus which determine the 
extent to which it is capable of being adversely affected in giving 
service by inductive or conductive fields from power systems. 


This segregation of the essential factors constitutes an 
important step in the solution of the coordination problem 
since it makes possible the analysis of the contributions 
from the power system, from the interrelation of the two 
systems, and from the communication system. This segre- 
gation also allows the setting up of standard practices for 
power and communication systems. 

The power-system influence factors include the funda~ 
mental-frequency voltages and currents during normal 
operation; their values under fault conditions including 
duration and frequency of occurrence and divisions among 
earth-return paths. They include also the magnitude and 
phase relation of harmonic voltages that may be produced 
by rotating machines, transformers, and rectifiers and 
other apparatus and the frequency-impedance character- 
istic of the system, particularly in respect to resonance for 
certain harmonics. The symmetry of the system or the 
balance of phases with respect to ground represents an- 
other type of influence factor. Coupling factors include the 
coefficients of magnetic and electric induction at varying 
separations and the conductive or mutual-resistance fac- 
tors as well. They comprise those factors which are quan- 
titatively determined by geographical and geometrical 
relationships, relative conductor positions and earth re- 
sistivity. Shield wires, which are not located as a part of 
either system, and transpositions are also considered under 
this heading. The susceptiveness factors of communication 
systems include (1) for normal operation the characteristics 
of sensitivity, power level, frequency response, and balance 
of the circuit with respect to ground; and (2) for abnormal 
conditions those characteristics that can be adversely af- 
fected by the presence of high extraneous voltages, includ- 
ing the features that may result in hazard, damage to plant, 
and interference with service. These characteristics are 
important not only during the presence of abnormal volt- 
age but also because of their reaction on the ability of the 
circuit to return to the normal condition after the ex- 
traneous voltage has been removed. Damage to the phys- 
ical plant includes overheating of conductors, the break- 
down of insulation in lines and apparatus, and the opera- 
tion of protective equipment. Interference with service 
includes telephone noise, acoustic shock, false signalling, 
as well as actual disruption of service. By acoustic shock 
is meant the adverse reaction on a listener to a telephone 
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receiver when subjected to excessive currents, normally 
associated with fundamental-frequency induction of suf- 
ficient magnitude to break down telephone-circuit pro- 
tectors. 


5. Procedure for Solution of Coordination Prob- 
lems 


In the United States the solution of coordination prob- 
lems has been promoted effectively by the pioneering co- 
operative work of the most vitally interested utilities, the 
National Electric Light Association (and its successor, the 
Edison Electric Institute) and the Bell Telephone System. 
The basic features of the resulting procedure are (1) 
recognition of the duty of coordination and (2) effective 
measures for cooperation. These features are covered in 
the following excerpts from ‘Principles and Practices for 
the Coordination of Supply and Signal Systems.’’*! 


Duty of Coordination 

(a) In order to meet the reasonable service needs of the pub- 
lic, all supply and signal circuits with their associated apparatus 
should be located, constructed, operated and maintained in con- 
formity with general coordinated methods which maintain due 
regard to the prevention of interference with the rendering of 
either service. These methods should include limiting the in- 
ductive influence of the supply circuits or the inductive suscep- 
tiveness of the signal circuits or the inductive coupling between 
circuits or a combination of these, in the most convenient and 
economical manner. 

(b) Where general coordinated methods will be insufficient, 
such specific coordinated methods suited to the situation should 
be applied to the systems of either or both kinds as will most 
conveniently and economically prevent interference, the meth- 
ods to be based on the knowledge of the art. 

Cooperation 

In order that full benefit may be derived from these principles 
and in order to facilitate their proper application, all utilities 
between whose facilities inductive coordination may now or 
later be necessary, should adequately cooperate along the fol- 
lowing lines: 

(a) Each utility should give to other utilities in the same 
general territory advance notice of any construction or change 
in construction or in operating conditions of its facilities con- 
cerned, or likely to be concerned, in situations of proximity. 

(b) If it appears to any utility concerned that further con- 
sideration is necessary, the utilities should confer and cooperate 
to secure inductive coordination in accordance with the prin- 
ciples set forth herein, 

(c) To assist in promoting conformity with these principles, 
an arrangement should be set up between ail utilities whose 
facilities occupy the same general territory, providing for the 
interchange of pertinent data and information including that 
relative to proposed and existing construction and changes in 
operating conditions concerned or likely to be concerned in 
situations of proximity. 


The solution of coordination problems is based on: 
1. The establishment of standard coordination prac- 
tices for both power and communication circuits. 
2. The joint determination of appropriate methods for 
specific situations. 
The general coordinated practices of power and communi- 
cation systems are outlined in the publications of the 
*The term “signal system” is frequently used in coordination 
work as a general term to denote any type of communication circuit. 
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N.E.L.A. and Bell Telephone System! All construction 
is expected to meet these standards unless, in the absence 
of an interference problem, they are postponed on the 
basis of deferred coordination. Where general coordinated 
measures are insufficient, the “best engineering solution” 
utilizing specific coordinated measures should be applied 
as outlined in the following excerpt!™: 

Choice Between Specific Methods 

When specific coordinated methods are necessary and there is 
u choice between specific methods, those which provide the best 
engineering solution should be adopted. 

(a) The specific methods selected should be such as to meet 
the service requirements of both systems in the most convenient 
and economical manner without regard to whether they apply 
to supply systems or signal systems or both. 

(b) In determining what specific methods are most convenient 
and economical in any situation for preventing interference, all 
factors for all facilities concerned should be taken into consid- 
eration including present factors and those which can be reason- 
ably foreseen. 

(c) In determining whether specific methods, where necessary, 
shall be wholly by separation or partly by methods based on 
less separation, the choice should be such as to secure the greatest 
present and future economy and convenience in the rendering 
of both services. 


The cooperative work initiated by the National Elec- 
tric Light Association and the Bell Telephone System, sub- 
sequently followed by other utility groups, has provided 
a practical solution of the coordination problems that have 
been encountered. In addition, these organizations have 
carried out an extensive research and development pro- 
gram which has developed basic theoretical and statistical 
information bearing on the coordination problem. The re- 
sults of this work carried on by the Joint Subcommittee on 
Development and Research have provided the most author- 
itative information available on many phases of the co- 
ordination problem. Their Reports* contain in addition 
much information of value in the power and communica- 
tion field outside of coordination work, a circumstance 
that unfortunately has not been recognized as widely as 
the subject matter deserves. 


6. Types of Coordination Problems 


Discussion of the coordination problem between power 
and communication systems can be classified into four 
groups*: ; 


1. Electrolysis . 
2. Structural 

3. Low frequency 

4. Noise frequency 


Electrolysis Coordination is concerned with the lay- 
out and operation of power circuits, power and communi- 
cation cables, and underground structures, located close 
together, from the standpoint of accelerated corrosion re- 
sulting from leakage currents. This problem is of consider- 
able importance with d-e circuits but not with a-e. Cor- 
rosion occurs in areas where the d-c leakage current leaves 
the underground structures through the earth. Discussion 

*Coordination between power-line and other carrier-frequency 
systems is not considered; these problems are usually solved by 
frequency separation. 
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of this subject is beyond the scope of this chapter, but an 
excellent general reference is given in Reference 2. Men- 
tion should, however, be made of the development jn 
cathodic protection’ extensively used for preventing corro- 
sion of pipe lines, cables, and other underground metallic 
circuits. In this method rectifiers of the copper-oxide or 
alternative forms are used to maintain the metallic circuit 
to be protected at a negative but low potential with respect 
to ground. 

Structural Coordination—This problem is concerned 
with the layout and physical construction of power and 
communication circuits when located in proximity, par- 
ticularly with respect to their characteristics in crossings 
or in constructions involving joint use of poles or over. 
built lines!®?!| The problem is also quite beyond the 
scope of this chapter. 

The Low-Frequency Coordination and the Noise- 
Frequency Coordination problems are quite distinct. 
The low-frequency problem arises principally from mag- 
netically-induced fundamental-frequency voltages at times 
of system faults, while the noise-frequency problem arises 
from induced voltages and currents of harmonic frequen- 
cles, principally for the normal operating condition. Simi- 
larly, the effects of induction are also quite different. The 
low-frequency problem concerns the inductive effects from 
the standpoint of hazard, damage to apparatus, interfer- 
ence with signalling, acoustic shock, etc., whereas the 
noise-frequency problem deals with ‘‘telephone noise” as 
it affects telephonic transmission and reception. For these 
reasons the subsequent discussion is divided into Part II, 
Low-Frequency Coordination, and Part III, Noise-Fre- 
quency Coordination. 


II. LOW-FREQUENCY COORDINATION 


In low-frequency coordination, the important induced 
voltages usually result from ground-return currents, al- 
though in a few cases induction from balanced currents or 
from voltages must be considered. In the study of low- 
frequency problems”, it is customary to calculate first the 
maximum “open-circuit”? longitudinal component of in- 
duced voltage for the given exposure. To obtain this open- 
circuit voltage, the zero-sequence or residual current and 
the corresponding coupling factors must be determined. 
This voltage normally includes the effects of conduction 
through common ground connections or through mutual 
resistance as well as the inductive effects through mutual 
reactances, since, as pointed out previously, it is not con- 
venient to separate these components. The open-circuit 
voltage thus calculated is next reduced to allow for shield- 
ing effects exerted by normally-grounded paralleling con- 
ductors, such as ground wires and cable sheaths or other 
grounded structures. In addition, for estimating some 
effects of induction, allowances can be made for additional 
shielding resulting from longitudinal currents in communt 
cation conductors, which are normally free from connec- 
tion to ground but which become grounded through pro- 
tector operation as a result of induction. Distribution 0 
the induced voltage among the various protectors con- 
nected to the communication circuit is also to be deter- 
mined. The final step is, of course, the estimation of the 
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adverse effects of the resultant voltages upon the operation 
and maintenance of the communication circuits and the 
determination, where necessary, of measures required in 
cither or both systems to minimize the resultant effects. 


7. Low-Frequency Influence Factors 


In low-frequency coordination the principal problem 
concerning influence factors is determination of zero-se- 
quence or ground-fault currents and their distribution 
among the various branches of the network for the condi- 
tion that produces maximum induced voltage in the com- 
munication circuit. For a grounded-neutral power system 
the circuit condition giving the maximum induction in any 
specific parallel is ustially easy to determine as it normally 
occurs for a fault located at the far end of the parallel from 
the principal power source so that the maximum ground 
current flows through the parallel. Consideration must 
also be given to the various system connections produced 
in the process of isolating a faulted line-section. For 
solidly-grounded systems it is customary to assume a 
single line-to-ground fault. Where the power system is un- 
grounded or grounded through a ground-fault neutralizer 
or Petersen coil, it is customary to assume a double line-to- 
ground fault with the faults located at opposite ends of the 
exposure. This condition is generally more severe from 
the induction standpoint than those selected for study on 
a solidly-grounded system. However, faults at separate 
locations are more likely to occur with an ungrounded sys- 
tem or a ground-fault neutralizer system than with a 
grounded system. The method of determining ground 
fault-current and division of current between line conduc- 
tors and the earth is best accomplished by the method of 
symmetrical components discussed in Chap. 2 and more 
fully elsewhere*™*. 

Neutral Impedances—Control of the influence fac- 
tors, which for low-frequency induction means control of 
the ground current, is possible principally by choice of the 
location of grounding points and by the use of neutral im- 
pedance devices. The grounding point can sometimes be 
located so as to substantially reduce the fault currents 
through the exposures to magnitudes below those which 
would exist for other grounding locations; also, the number 
of faults affecting the exposure may likewise be reduced. 
Neutral-impedance devices provide an important and 
effective method for controlling low-frequency induction, 
particularly where the exposures are in relatively close 
proximity to a grounding point. The use of neutral-im- 
pedance has many effects on power-system operation as 
discussed in Chap. 19. Introduction of neutral-impedance 
devices may increase the difficulty of prompt relaying of 
faults, and may require relay changes. In the low-fre- 
quency coordination, the factor of greatest importance is 
posttive fault disconnection. Next in importance are the 
magnitude of current and the speed of fault clearing. When 
neutral-impedance devices are used to limit ground cur- 
rents, the several conditions arising in the various steps of 
fault clearing must be considered. Frequently the intro- 
duction of neutral impedance at one point results under 
fault conditions in lower drop in the voltages at remote 


*Engineering Reports Nos. 4, 26 and 37 of Reference 4. 
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points with the result that increased ground currents are 
caused to flow through a parallel, either initially or during 
some stage of the fault-isolating operation. For such cases 
the resultant induction may not be reduced materially. 
Thus, effective current limitation may require treatment 
of many or all grounding points on the system. 

For single line-to-ground faults, the ground-fault neu- 
tralizer limits the ground currents to negligible magnitudes 
near the fault, but near the neutralizer the currents nearly 
equal the neutralizer current. At present it is not practical 
to relay promptly a system with a ground-fault neutralizer 
because with such a system there is no suitable quantity 
related definitely to the location of the fault. If the fault 
persists, it is generally considered necessary to convert the 
ground-fault neutralizer system to a solidly-grounded sys- 
tem. Consequently, from the standpoint of maximum 
magnitude of induced voltages, such a system is substan- 
tially like a solidly-grounded system and the possibility of 
higher induced voltages resulting from double faults, as 
discussed previously, should also be considered. However, 
with the ground-fault neutralizer, the frequency of occur- 
rence of large induced voltages is much less than with the 
system solidly-grounded. In considering such systems, 
the expectancy of faults should be estimated taking into 
account the amount of “lightning-proof” construction, 
particularly with grounded systems. A ground fault on a 
ground-fault neutralizer system causes high residual volt- 
ages which, if prolonged, can produce severe noise on a 
closely-paralleling telephone circuit, See Secs. 8 and 14. 

In calculating ground faults, it is frequently necessary 
to consider the effect of the fault resistance, which includes 
the arc resistance and the tower-footing resistance. The 
effect of fault resistance depends on the location of the 
fault. Near a large power source at a major neutral- 
grounding point, it has a large influence in low-voltage 
systems, and may be important even in higher-voltage 
systems. On faults distant from a power source, its effect 
is less pronounced. Where towers are not interconnected 
by ground wires, tower footing resistance (grounding re- 
sistance of vertical ground wire in the case of wood poles) 
may be an important factor, as it varies through a wide 
range depending upon the nature of the earth where the 
fault occurs and the means used for grounding. Ground 
wires and counterpoises, which are used particularly in 
connection with lightning protection, reduce the effective 
footing resistance. The most probable value of fault resis- 
tance including tower-footing is about 20 ohms”. 


8. Low-Frequency Coupling Factors 


Coupling Factors for Magnetic Induction—Low- 
frequency (60-cycle) coupling depends upon the physical 
configuration of the circuits and their separation, and for 
earth-return circuits, also upon the resistivity of the earth. 

For a single-phase metallic-return circuit, illustrated in 
Fig. 6 (a), voltage induced in a communication conductor 
x by magnetic induction can be expressed by the following 
equation: 


; Dax 1 
v= +70.2704( 5) logue — (1) 


where V, is the voltage induced in conductor x per mile 
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Vy 


(b) 


(a) 


Fig. 6—Diagrams for the calculation of magnetic induction, 
induced voltage V, in conductor x. 


(a) Induction from metallic-circuit current—see Eq. (1). 
(b) Induction from earth-return circuit current—see Eq. (4). 


of parallel, f is the frequency in cycles per second, J, is 
the current in rms amperes flowing in conductor a and 
returning in conductor a’, D,x and D,’x are the distances 
from the conductors a and a’ to x; the distances must be 
expressed in the same units, preferably in feet. Similar 
equations can readily be written for the voltages induced 
in the other communication-circuit conductors. 

The voltages induced in a communication conductor by 
magnetic induction from the currents confined to the line 
conductors of a three-phase power circuit can be written 
in an analogous manner by resolving the conductor cur- 
rents into three sets of components, viz.: J, flowing out in 
conductor a and back in conductor b; Im, out in b and back 
in c; I,, out in ec and back in a. The solution*, expressed 
in terms of phase currents, gives: 


Y= —70.2794[T, logio Daxt Tp logo Dox 
+I, logic Dex] for 60 cycles (2) 


where V, is the voltage induced in conductor x per mile of 
parallel, Z,, 7», and 7, are the 60-cycle currents in rms 
amperes flowing in the conductors, a, b and c. Dax, Dox, 
and D.x are the distances from conductors a, b, and ¢ to 
the conductor z; all the distances must be expressed in 
the same units, preferably in feet. Frequently the cur- 
rents of a three-phase power circuit can be assumed to be 
all of positive-sequence. For this condition Eq. (2) can 
be simplified to the following form: 


= V3 Dea x VD Dex 
V= soareur,| +33 logio Dt! logio VDude | 


for 60 cycles (3) 


where the notation is the same as for Eq. (2). The first 
term in the bracketed expression is positive for phase ro- 
tation a, b, c; negative, if a, c, b. 

Usually communication-circuit conductors and some- 
times the power-circuit conductors or both are transposed 
in the exposure section to reduce the resultant induced 
voltages at noise frequencies, as discussed in Sec. 12. 
Transpositions are not applicable to ground-return com- 
munication circuits and are not of value for reducing longi- 


*Equation (2) assumes no current in the earth and is applicable 
only for close exposures. 
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tudinal voltages in metallic circuits. Transpositions in g 
communication circuit reduce the metallic voltage induced 
by power-circuit currents irrespective of whether the re. 
turn for the latter is in a metallic conductor or in the earth. 
Transpositions in a power circuit, however, affect the 
longitudinal voltage induced in the communication circuit 
as follows: (1) they reduce the induced voltages for aj] 
positive- or negative-sequence currents, (2) they do not 
affect the induced voltage for those components of zero. 
sequence current that return in the earth. Calculations 
can be made by considering separately the induced volt- 
ages, for each conductor for each section of the transposi- 
tion system, and then combining them. 

Earth-return circuits are the most common sources of 
magnetic induction in low-frequency coordination prob- 
lems. In any location the distribution of current in the 
earth depends upon the resistivity of the earth, upon the 
proximity of grounding points and faults, and upon the 
location of the adjacent grounded conductors. The coup- 
ling factors can be estimated by assuming the return cur- 
rent to be concentrated in the earth at a considerable dis- 
tance below the outgoing current. The voltage induced in 
conductor z caused by current J, flowing in a single-phase 
earth-return circuit, illustrated in Fig. 6 (b), can be deter- 
mined from the following approximate formulat: 


Py ea ee Du 
V,=1 15) | 0.0954+470.2704 logo oa 


where V, is the voltage induced in conductor z per mile 
of parallel, f is the frequency of the power system in cycles 
per second, J, is the rms value of current flowing in the 
aerial conductor a and returning in the earth, D, is the 
equivalent depth of the return current in the earth below 
the outgoing conductor, D,, is the separation between the 
power conductor a and the communication conductor z 
D.x is the distance between conductor x and the equivalent 
return for current in conductor a; D,x and Dx must be 
expressed in the same dimensions, preferably in feet. The 
value of D, is given approximately by Eq. (5). 


D.= 216048 in feet (5) 
f ‘ 


where f is the power-system frequency in cycles per second 
and p is the resistivity of the earth in meter-ohms. Earth 
resistivity is expressed in terms of the ohmic resistance 
between opposite faces of a cubic meter of material. The 
value of the earth resistivity varies through a wide range 
from 10 to 1000 or more meter-ohms with 100 meter-ohms 
perhaps most frequently encountered. 

The voltage in conductor x caused by magnetic induc- 
tion from the currents of a three-phase circuit for the 
general case of partial return in the earth, can be written 
in a manner corresponding to Eq. (4), with the following 
result: 

f 


; Dex 
V.= 0.280( 5) Iq +s0.2704( 5) [1 logo D 


Dx Dex 
+I» logio Dt logio mal (6) 


tThis formula is applicable for close exposures up to about one 
half mile. 


(4) 
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where the notation is the same as for Eqs. (2) and (4) and 
Tq is the zero-sequence current per phase in rms amperes 
or } (atl ,+/.). 

Frequently only the induction from zero-sequence cur- 
rents need be considered. For this case, Eq. (6) reduces to 
the following form: 

Vi=l, lo ase( 44 .8382( 5) log a | 
$ J 60 ” VD DyxD cx (7) 


The denominator of the fraction within the logarithmic 
term is the geometric mean distance from the phase con- 
ductors a, 6, c to the conductor z. 

J. R. Carson’s Method* is the accurate one for determin- 
ing the self-impedance of earth-return circuits and the 
mutual impedance between parallel circuits with earth- 
return taking into account the mutual-resistance and re- 
actance terms which vary with the resistivity of the earth. 


This method assumes uniform resistivity and the distribu- 


tion of earth current that occurs in the middle of a long 
section. His solution provided the basis for the approxi- 
mate formulas of Eqs. (4) and (5) and for more accurate 
values given in Fig. 7 for the coefficients of mutual-resis- 
tance, reactance and impedance for various uniform sepa- 
rations, which are taken from the work‘ of the Joint 
Subcommittee on Development and Research of the Edi- 


*In America this method is usually associated with Carson’s name. 
However, two European investigators, Pollaczek and Haberland, 
obtained substantially the same results at about the same time. 
See Appendix I of Engineering Report No. 14 of Reference 4. 
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son Electric Institute and Bell Telephone System. The 
curves are drawn for three resistivities of 10, 100 and 1000 
meter-ohms. For close separations the effect of earth 
resistivity is not very important, Fig. 7, but at separations 
of about a mile the difference is of considerable magnitude 
since the ratio of the induced voltages is about 40 to 1 for 
variation in the resistivity from 10 to 1000 meter-ohms. 
Preferably the resistivity should be based on tests in the 
particular area. Lacking this information, use may be 
made of the experimental data and correlation with geo- 
logical conditions as given by R. H. Card®. For most pre- 
liminary work, however, the value of 100 meter-ohms 
usually is taken. For extensive calculation of mutual im- 
pedance of earth-return circuits, use can be made of the 
more extensive discussions of Reference 5, and particularly 
Engineering Report No. 14 of Reference 4. For irregular 
exposures, the mutual impedance can be approximated by 
summation of the voltages for component sections of 
several uniform separations. Reference 4 also describes 
additional methods for dealing with irregular exposures. 
Coupling Factors for Electric Induction—The re- 
lation betiveen potentials and charges on each conductor 
of a system of n parallel conductors using absolute or cgs 
electrostatic units is given in the familiar form’: 


Vi=A naQatArvaQs....AnaQn 
Vo = AwQatA pb@p.-.-A nbQn (8) 
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Fig. 7— Coupling coefficients at 60 cycles—variation with separation and earth resistivity—Carson’s formula. 
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in which V,, V»,....Vn are the potentials and Qa, Qp,.-.-.Qn 
are the charges on the particular conductor indicated by 
the subscript. The coefficients Aas, Aap,.Ann are the 
potential coefficients which are determined by the con- 
ductor dimensions, separation from each other, and sepa- 
ration from ground. The method of determining these 
coefficients is described in connection with Fig. 8. 


a a 
da 


Kab 


Kaa-Kab 
Kpb-Kob 


(b) 
Fig. 8—Electric coupling between two parallel conductors. 


(a) Diagram showing distances used for determination of potential 
coefficients. 
(b) Equivalent capacitance diagram. 


The relations between charges and potentials are given 
in terms of capacitance coefficients as follows:* 


Qs = + KaaVa—KoaV .... —KaaVa 
OQ» = —KyyVatKovV v.... —KnvVn 


Qn = — KanVa- KonVo...-tKanVn 


(9) 


Capacitance coefficient of the form K,, denotes the charge 
on a particular conductor for unit potential on that con- 
ductor with all other conductors grounded; mutual co- 
efficient of the form K,, denotes the charge on the conduc- 
tor a for unit potential on conductor 6 with all other con- 
ductors grounded. Coefficients of the form, K,, and Aya, 
are identical because of the reciprocity theorem. 

The capacitance coefficients can be expressed in terms of 
the potential coefficients by eliminating the Q terms from 
the sets of Eqs. (8) and (9). Since the potential coefficients, 
as stated previously, are readily calculated from the geom- 
etry of the circuits, the capacitance coefficients themselves 
can be determined. The calculations while straightforward 
are rather tedious for more than three parallel conductors. 

The determination of the capacitance coefficients for the 
two-conductor case will now be illustrated in connection 
with Fig. 8. The potential coefficients Ass, Aap and Abp 
are given by the following equations: 

*The familiar arbitrary positive signs of the mutual terms are 
made negative so as to simplify expressions used later. 
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aa’ 
Aas=2 log. B 
rab 
Ag=2 log. dab (10) 
how’ 


App =2 log, a 


Where haa’ and hp» are the distances from a conductor to its 
image at a distance below ground equal to its height above 
ground; hay’ is the distance from conductor a to the image 
of conductor b; dy is the distance between conductors g 
and 6; r, and rp, are radii of conductors a and b; and all 
distances are in the same units. The method of setting up 
the potential coefficient is readily extended to cases with 
more than two parallel conductors. 

Equations (8) and (9) when rewritten for the two-con- 
ductor case are as follows: 


Vi =A aaQatAbaQr 
Vu =AaQatAnnQn 
Q.= +KyaVa-KoaVo 
Qb = —KyVatKov Vp 


By substituting the potential coefficients from Eq. (10) 
and eliminating the Q terms, the capacitance coefficients 
are obtained with results as follows: 


2 ion, ***) 
Kyw=——_\+ 


(11) 


A 
Rap’ 
2 loge“ 
K, Sh Ne cs 
' A Koa (12) 
Naa’ 
2 log. z ) 
Ky, == ee 
A 


Naa’ hop’ ha “\ 
A= (2 loge a) (2 loge ‘a -(2 loge ‘e') 


The capacitance units derived above are in terms of cgs 
electrostatic units; to convert to practical Units in micro- 
farads per mile it is necessary to multiply the above values 
by 0.1786. 

The equivalent capacitance circuit for the two-conduc- 
tor case is shown in Fig. 8 (b). This circuit helps explain 
the meaning of the capacitance coefficients. For a ground 
on conductor 6 the capacitance from the conductor a to 
ground becomes the capacitance K,.. Thus the coefficient 
of the form Kx represents the capacitance from the given 
conductor with all other conductors grounded as Fig. 8 (b) 
shows. The coefficient of the form K.» is the mutual capac- 
itance that determines the charging current flowing trans- 
versely through conductor b when it is grounded and 
potential is applied to conductor a. 

The capacitance coefficients for the three-conductor case 
are given in connection with Fig. 9. The potential coeffi- 
cients are calculated in a manner analogous to that des- 
cribed in connection with Fig. 8. Then the capacitance 
coefficients can be obtained in a similar manner to that 
just given for the two-conductor case, and the results are 
as follows: 


hey* Reet hue’ ‘ 
(2 loge (2 log. “) (2 log, : 7) 
Kon ee, Tr Te duc 


(1 3) 


hee’ 
(2 ee t ta) (2 log. - ‘2: 
(2 log. — va) (2 loge “) 
c b 
(2 eee ra (2 log. faa *s') | 


The capacitance coefficients for the usual three-phase 
transmission line are considerably simplified from those of 
Eq. (13) because the conductors are normally the same 
size and the geometric mean spacing usually can be used, 
particularly if transpositions are employed. The equiva- 
lent circuit for the three-conductor case is given in Fig. 9, 
the capacitances for which should include the conversion 
constant 0.1786 as discussed in connection with the two- 
conductor case. 

The zero-sequence or residual voltage of an ungrounded 
three-phase line when subjected to balanced voltages can 
readily be determined with the aid of Eq. (13) and Fig. 9 
(b). The admittances between conductors a, b, ¢ and 
ground per mile of line are given by the following: 


Y.=0.17860(Kaa— Kay— Kae) 
Y, =0.1786w( Kin — Kne— Koa) 
Y.=0.1786u(Keo—Kea— Kw) 


For a single line-to-ground fault, the voltages from the 
three conductors to ground consist of a positive-sequence 
component and a zero-sequence component in each phase. 
Thus, the currents flowing through the admittances Yq, 
Y, and Y, can be expressed as follows: 


I= (Ext EDV | 
Ly = (Eo +e) Yy (15) 
1.=(Ey+aBs) Y. | 


Since the three-phase system is assumed to be ungrounded, 


has h yb hee! 
2 log. (2 log. ° a mw \(2 log. : ) 
Nac Rio’ 
+2( (2 ie a a log. ze “\(2 log, wt) 
bo 


(14) 
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Lom 


Ca*Kaga-Kab~Kac 
Cbh*Kbb-Kab—Kbc 
CetKee—Kac—Kpe 


Ca 


Fig. 9—Electric coupling between three parallel conductors. 


(a) Equivalent capacitance diagram. 
(b) Equivalent circuit for determining zcro-sequence Valtags of 
ungrounded three-phase system. 


the sum of the three phase-currents is zero. This permits 
the determination of the ratio of zero- to positive-sequence 
voltages with result as follows: 

Ey YataYota°Y-e 

E, a Yat Yot ¥5 
The ratio of the residual voltage to the line-to-neutral or 
positive-sequence voltage is three times that given by Eq. 
(16). 

Voltages caused by electric induction from a single 
power conductor with a potential to ground can be ob- 
tained from the equivalent network of Fig. 8 (b) with 
result as follows: 


(16) 


lo Rav? 
Vp _Kuy_ 0" dep (17) 
Va Kop haa 

logio . 


a 


The capacitance coefficients for the four-conductor case 
can be obtained in a similar manner with the aid of the 
equivalent network shown in Fig. 10. This solution can be 
used to obtain the voltage electrically induced on conduc- 
tor x by a three-phase circuit. If the power system is 
grounded, the potentials of conductors a, b and c with 
respect to ground are known and the potential of conduc- 
tor x to ground is calculated by considering only the capaci- 
tances Kux, Kox, Kex and (Kyx —Kax ~—Kox —Kex). If the 
power circuit is ungrounded, then it is necessary to deter- 
mine the zero-sequence voltage of the system to ground. 
If the conductor x is ungrounded or if it is sufficiently re- 
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Gg Ge Gb Cx 


Ca=Kaa7Kab~Kac —Kax 
Cbh*Kpb-Kan7Kbe ~Kpx 
Ge *Keg~Kae~Kbe ~Kex 
Cy =Kxx —K ax ~Kbx ~Kex 


Fig. 10— Electric coupling between four parallel conductors— 
equivalent capacitance diagram. 


mote, then the potential of the system of power conductors 
with respect to ground is determined by neglecting the 
conductor z. This makes possible the use of the method 
outlined in connection with Fig. 9. When the potentials 
of the conductors a, b, and ¢ with respect to ground have 
been determined, then the potential of conductor x can be 
obtained in the usual way. 

Shielding Conductors—Special grounded conductors, 
which are used for reducing the voltages from electric or 
magnetic induction on communication circuits, are called 
shielding conductors. Shielding action may also result 
from grounded conductors that are a normal part of either 
power or communication circuits. 

Shielding against electric induction is provided by a con- 
ductor grounded at one point. The method just described 
for determining the coupling factors for electric induction 
can also be used for determining the effectiveness of shield- 
ing conductors. A grounded cable sheath provides prac- 
tically complete protection against electric induction. 
Shielding against magnetic induction is provided by ground- 
ing the shielding conductor at the ends alone or at inter- 
mediate points in addition. The ground connections should 
be of low resistance so as to facilitate the flow of current 
through the shielding-conductor earth-circuit. The current 
flowing in the shielding conductor can readily be calculated 
by the method previously described or as discussed more 
fully in Chap. 2, in Reference 5 or in Engineering Report 
No. 48 of Reference 4. The reduction in the voltage in- 
duced in the circuit to be protected can then be calculated 
by considering the voltages that result from the currents 
flowing through the shielding conductors, using the method 
discussed in connection with Eq. (4) and Figs. 6 and 7. 

The effectiveness of shielding action varies widely, de- 
pending upon the physical dimensions of the shielding con- 
ductor, the resistance of the conductor and earth connec- 
tions, and the coupling to the circuit to be protected. A 
steel ground wire may carry about ten percent of the zero- 
sequence current in the power circuit. Two 4/0 copper 
ground wires may increase the shielding action so that 40 
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percent of the zero-sequence current will return in the 
ground wires. The shielding at 60 cycles of a fullsized lead- 
sheath telephone cable is about 50 percent and if tho 
sheath is wrapped with magnetic tape armor (two 40-mj| 
tapes on the larger sizes) the shielding is increased to 80 oy 
90 percent depending upon the magnitude of. induction 
assuming that there is good contact with the earth. The 
shielding given by power cables depends upon construction 
and varies from 40 to 70 percent. Shielding conductors on 
either the power circuit or on the communication circuit 
can provide a remedial measure of value. 


9. Low-Frequency Susceptiveness Factors 


The effects of low-frequency induction on a communica- 
tion circuit depend upon its magnitude and duration, and 
upon the frequency of occurrence of the abnormal condi- 
tion. Some of these effects can occur at voltages below 


PERCENTAGE OF PROTECTORS OPERATING 


PEAK VOLTS 
(b) 


Fig. 11—Features of standard Bell System telephone protector. 


(a) General appearance of subscriber protector, the No. 98A pro- 
tector, with two fuses and two sets of protective gaps. The 
protector blocks (Nos. 26 and 30) within the cap are shown 
by phantom view. : 

(b) Typical breakdown characteristics (Nos. 26 and 30 blocks). 
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those producing operation of protective equipment. Such 
effects include false signalling and relay chattering on tele- 
phone circuits, distortion of telegraph signals, and false 
relaying on supervisory control circuits. The more serious 
effects from low-frequency induction are, however, usually 
associated with voltages of sufficient magnitude to operate 
protectors. 

Standard Telephone-Circuit Protection—Telephone 
circuits subjected to the possibilities of extraneous volt- 
ages above about 250 volts are equipped with protectors. 
At subscriber premises these protectors usually consist of 
seven-ampere fuses and carbon-block discharge gaps with 
a spacing of three mils. The general appearance of this 
station protector is shown in Fig. 11, together with a 
breakdown characteristic of the discharge gap. This curve, 
obtained under certain conditions in laboratory tests on 
new blocks, should not be taken as generally representative 
of behavior under field conditions. Similar protector 
blocks assembled in a group mounting, with facilities for 
terminating a large number of cable pairs, are used in cen- 
tral offices. Protectors located at the junction of open- 
wire and cable are usually provided with similar carbon 
blocks with six-mil spacing. Where open-wire telephone 
lines are located in joint-use construction with higher-volt- 
age distribution lines, special protectors capable of with- 
standing a high discharge current are sometimes placed on 
the telephone circuits, generally at or near points from 
which customers are served. 

The operation of telephone protector blocks produces 
several important effects. In the first place the protector 
blocks do not break down in an identical manner, with the 
result that unsymmetrical voltages are produced, which 
cause equalizing currents to flow through the telephone 
receivers. The high currents flowing through the receiver 
under such conditions can produce acoustic shock. In con- 
sidering this type of interference it is necessary to include 
the adverse psychological reactions to the threat of such 
action. If the current through the protector blocks is large 
or prolonged, they may become grounded, rendering the 
circuit inoperative. The standard Bell System telephone 
protector blocks consist of two carbon electrodes, one of 
which is mounted as an insert in a porcelain block so that 
if the insert is heated as by passage of current, it is released 
and makes a permanent ground. After protector blocks 
are grounded, service cannot be restored until they have 
been replaced by maintenance forces. 

The longitudinal-component of voltage impressed on a 
communication circuit is distributed around the circuit in 
accordance with the circuit constants; ordinarily the volt- 
ages divide across the two ends of a telephone circuit sub- 
stantially in proportion to the impedances in the two 
directions from the center of the exposure. Frequently the 
exposure is not symmetrical with the circuit so that the 
large part of the total induced voltage appears across one 
of the protectors. For this reason the total voltage re- 
quired to produce protector breakdown varies through 
quite a range and normally is taken only slightly above 
the breakdown voltage of a single protector. 

Cables—The use of cables instead of open-wire con- 
struction is an important coordination measure because of 
the shielding action provided by sheaths, as discussed pre- 
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viously. The greater cost of cable construction, however, 
limits the usefulness of this measure to situations where 
many circuits are involved or where severe exposures are 
encountered for circuits of fixed location. Reduction of 
induced voltages by putting circuits inside a cable sheath 
is generally practicable only where a new communication 
line is to be built or an old line replaced. The extensive 
use of cables for both communication and distribution cir- 
cuits in urban and suburban areas has, however, greatly 
simplified the coordination problem in these areas of close 
exposure. Special cables are made with steel-tape armor, 
and with grounded shielding conductors located inside of 
the cable sheath. Such cables greatly increase the effec- 
tiveness of shielding action, and reduction factors as great 
as 95 percent are obtainable. In addition, special cables 
have been built with higher than normal insulation, par- 
ticularly for use in locations along the right-of-way of a-c 
railways. Such cables are normally tested at 1000 volts 
rms between conductors and 3500 volts rms to ground for 
20 seconds. When highly-insulated cables are used, it may 
be necessary to install insulating transformers between the 
line and terminal equipment. 

Special Types of Protective Measures*—Three 
classes of special measures of value against low-frequency 
induction are: 

1. Special measures to avoid adverse effects of induction 
without changing insulation or reducing induced volt- 
ages. 

2. Reduction of induced voltages. 

3. Increased circuit insulation with proportionate in- 
crease in protector breakdown voltage. 

Relay Protector—A relay protector for a pair of wires 
consists of a set of protectors, usually of the carbon-block 
type, connected to ground or across the telephone circuit, 
together with a coil connected in series with the discharge 
path, and with relay contacts for short-circuiting the pro- 
tectors, capable of carrying heavy currents for short peri- 
ods, e.g., 100 amperes for 214 seconds. The relay operates 
in one cycle or less to shunt the normal protectors, which 
are by this means prevented from becoming grounded. 
After the abnormal voltage condition has disappeared, the 
relay returns to its normal position and the circuit again 
becomes operative. This device is used for avoiding main- 
tenance trouble and, except during the fault, interruption 
of service on telephone and supervisory circuits. The relay 
protector also is available in a form suitable for application 
to all the wires of a line. The device is of value for super- 
visory control if the transmission of signals during the 
abnormal condition is not essential. The relay protector 
has the advantage over the vacuum or low-pressure gas- 
filled protector of having a lower breakdown characteristic 
for the majority of applications, and for this reason is the 
more commonly used. 

Acoustic-Shock Reducer—The acoustic-shock reducer is 
a device applied to telephone circuits to minimize the 
acoustic shock resulting from unsymmetrical discharge of 
protectors that cause high currents in the telephone re- 

*Protection of ground-return signal circuits, particularly telegraph 
circuits against fundamental-frequency induction from power cir- 
cuits or a-c railway circuits is discussed at considerable length in 
Reference 23. 


ceiver. The most widely used acoustic-shock reducer con- 
sists of two oppositely-poled groups of copper-oxide recti- 
fiers, the combination having high resistance to the low 
voltages which are used in ordinary communication and 
having low resistance to the relatively high metallic-cireuit 
voltages produced when telephone protectors are operated, 
thus by-passing the telephone receiver. The acoustic 
shock reducer does not, of course, avoid the other disad- 
vantages of protector operation. 

Special Protectors—Special vacuum tube, or preferably, 
low-pressure gas-filled protectors, are sometimes used for 
protecting circuits subjected to induction that would oper- 
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Fig. 12—Drainage schemes for reducing potential on terminal 
equipment (TE) asa result of induction or ground potential. 
(a) Simple drainage scheme with balance coil, BC, for use with a 
telephone or audio-frequency signaling system. 
(b) Resistance-drainage scheme for use with d-c signaling in super- 
visory control. 
FR Drainage resistor. 
R’ Line resistor. 
(c) Resonant-drainage scheme for use with d-c signaling in super- 
visory control. 
L Inductance coil. 
C Capacitor. 
(d) Drainage scheme with longitudinal choke coils for use with 
d-c signaling in supervisory control. 
LC Longitudinal choke coil 
C Capacitor. 
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ate ordinary protectors. The advantage of the tube-type 
protector is that wider spacing can be obtained, which 
minimizes the tendency for protectors to ground. The dis. 
charge voltage of the tube protector usually is somewhat 
higher than that of the standard telephone gap and for 
that reason is preferably used with somewhat higher than 
normal insulation. 

Drainage Schemes—By providing a drainage path to 
ground, the resultant voltage on a communication circuit 
can be reduced sufficiently to avoid the necessity of relief 
by protector operation. Fig. 12 (a) shows a simple drain- 
age scheme with a balance coil for a telephone or audio- 
frequency signaling system. Fig. 12 (b) shows a resistance 
drainage scheme for a d-c signaling system. In this arrange- 
ment the voltage impressed on the terminal equipment is 
reduced by the drop consumed in the line resistances 
caused by the drainage currents flowing through resistors 
R. This scheme is used in supervisory-control circuits of 
limited length or limited inductance. Fig. 12 (c) shows a 
resonant-drainage scheme with elements L and C tuned 
for the fundamental frequency of the power system, so ay 
to provide low-impedance paths for the induced voltages. 
The resonant drainage is relatively more effective for 
steady-state or slow transients than for the abrupt tran- 
sients. Probably the most successful scheme for protection 
of supervisory control, shown in Fig. 12 (d), utilizes longi- 
tudinal choke coils. Each coil is wound to have negligible 
inductance in the metallic circuit but high inductance in 
the longitudinal circuit which is completed through capaci- 
tances C. In a typical installation the coils have longitu- 
dinal-circuit impedances of 40,000 ohms and the shunt 
capacitors are 0.25 microfarad. With this scheme, the in- 
duced voltage is largely removed from theterminalsalthough 
left on the line. Hence, this scheme is applicable only when 
the line insulation can withstand the maximum induced 
voltage or where other means are used in combination to 
prevent the adverse effects from induction in the lines. 
The scheme is sometimes described as a self-neutralizing 
transformer scheme because the resultant voltage distribu- 
tion is close to that of the neutralizing-transformer scheme 
discussed in the next paragraph and the function of the 
neutralizing wire is provided by the circuit itself. 

Neutralizing-Transformer—One of the oldest and most 
successful schemes for protecting communication circuits 
against induction is the neutralizing-transformer scheme. 
In this scheme, shown schematically in Fig. 13, a neutral- 
izing-wire is placed close to the wires of the circuit to be 
protected so as to be subjected to the same induced volt- 
ages. Transformers are connected in the neutralizing-wire 
circuit and in the circuit to be protected, with the windings 
so arranged that the voltage produced in the communica- 
tion circuit by the transformer action opposes and effec- 
tively “neutralizes” the voltage directly induced in the 
communication circuit. The voltage induced in the com- 
munication circuit is divided among the several neutraliz- 
ing transformers. This scheme requires an additional wire 
and ground connection, the total resistance of which must 
be low in comparison with the impedance of the ground- 
return circuit. The neutralizing-transformer scheme WS 
initially used for the protection of telegraph circuits eX- 
posed to induction from a-e railway circuits under norm& 
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Fig. 13—Neutralizing transformer scheme. 


(a) Schematic diagram. 
TE Telephone terminal equipment. 
NT Neutralizing transformer. 
NW _ Neutralizing wire, subject to same induction as the tele- 
phone wires. 
G_ Grounds of low resistance. 
(b) Voltage distribution along telephone line, 
A With neutralizing transformer. 
B_ Without neutralizing transformer. 
Voltage induced by neutralizing transformer. 
Unneutralized voltage on terminal equipment. 


operation. In recent years it has been used on telephone 
circuits, particularly to provide protection against rise in 
ground potential that would otherwise appear in leased 
circuits used for power-company communication®’,”* or for 
pilot-wire relay protection. If only rise in ground potential 
is important, that is, if ordinary magnetic induction is 
negligible, it is necessary merely to connect the neutraliz- 
ing-wire winding of the neutralizing transformer between 
the station ground and a remote ground, i.e., a ground out- 
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Fig. 14—Schematic diagram of neutralizing-transformer 
Scheme for the protection against rise in station ground 
potential in leased circuits used for pilot-wire relaying. 


LA Lightning arrester—distribution type. 
P_ Telephone protector (No. 26 and No. 27 blocks), 
P’ Telephone protector (No. 26 and No. 30 blocks). 
SG Station ground. 
RG Remote ground, located beyond influence of station ground. 
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side of the influence of the station ground. Ordinarily this 
means a relatively short length of neutralizing-wire. The 
principal features of this arrangement are shown in Fig. 1. 
The suitability of a remote ground can be checked by cir- 
culating fault current through the station ground and 
determining the rise of potential of that ground with 
respect to an unquestionably remote ground, such as the 
central office. The neutralizing transformer is exposed to 
lightning voltages that may come from the aerial commun- 
ication circuit or as a result of heavy discharge through the 
power-station ground. The insulation of neutralizing trans- 
formers is, of course, not high enough to avoid the possi- 
bility of breakdown against these lightning voltages. If a 
plain protective gap were connected across it, there would 
be the possibility of dynamic-current flow across the gap 
and into the remote ground and across the protectors P’ 
into the central-office ground which would result in grounded 
protectors. This can be avoided by the use of a valve-type 
arrester, such as the available distribution-type power 
arresters. The voltage class of the lightning arrester should 
be selected so that its cutoff voltage will be above the max- 
imum expected difference in 60-cycle voltage between the 
station ground and the remote ground. The neutralizing 
transformer permits d-c signaling and routine circuit test- 
ing in accordance with Bell System practice. 

Insulating Transformers—The effects of low-frequency 
induction can be avoided by increasing the insulation of 
the communication cireuit and by using insulating trans- 
formers between lines and terminal apparatus. Such an 
arrangement is shown in Fig. 15 and is normally used for 
power-line telephone systems or for exposed lines that are 
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Fig. 15—Protective scheme for exposed or power-line tele- 
phone systems. 
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connected to commercial telephone systems. The arrange- 
ment shows the insulating transformer between the line 
andthe local apparatus, together with low-voltage knurled- 
type protective gaps and with disconnecting switch and 
high-current fuses. The combination of the horn gap and 
the high-voltage fuse has been found by experience to pro- 
vide the best protection. To avoid a burnout of the insu- 
lating transformer in case gaps operate on one side of the 
line only, a low-voltage protector is connected directly 
across the metallic circuit. To minimize the possibility of 
bridging this protector a relay-type protector is connected 
in parallel with it as shown in Fig. 15, or a low-pressure 
gas-filled protector tube can be used. On some circuits it 
is necessary to minimize the effect of electric induction 
under normal operating conditions, by draining the line so 
that the necessary charging currents can flow. It is possi- 
ble to use the midpoint of some of these insulating trans- 
formers for a drainage connection. For protection against 
magnetic induction, it is sometimes feasible to insert sev- 
eral insulating transformers distributed along the circuit 
to be protected. 

Pilot-wire relaying channels can be protected against 
the effect of ground potential as shown in Fig. 16, which 
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Fig. 16—Schematic diagram illustrating use of insulating 
transformers for protecting pilot-wire relaying circuit with 
superposed d-c channel for supervision. 


IT Insulating transformers. 
LC Special coils. \ S ‘ 
) Fig. 12 (d 
C Capacitors for grounding. | a (@) 
LA Lightning arresters—distribution type. 
P_ Protectors, preferably gas-filled type. 
8G Station ground. 


includes provision for d-c supervision. In this arrangement 
if the longitudinal choke coils are not used, the insulating 
transformers absorb the difference of potential between 
the station ground and the remote ground. It also has the 
particular advantage in connection with pilot-wire relaying 
channels of providing a ‘‘turn ratio” device needed to avoid 
producing high line drop where standard five-ampere sec- 
ondary current transformers are used for relaying pur- 
poses. The conditions in regard to the need for the light- 
ning arrester across the transformer are the same as for the 
circuit of Fig. 14. The transformer in this case is of simple 
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design, since it is not required to meet the balance require- 
ments for use on telephone circuits, but merely provides 
the turn ratio and requisite insulation strength between 
primary and secondary windings. When a superposed d-c 
signaling channel is to be used over a circuit equipped with 
insulating transformers, the line winding is arranged in two 
sections, the mid-points of which are connected to ground 
through suitable capacitors as shown in Fig. 16. These 
mid-points can be used as line connection for the d-c signal- 
ing circuit, the source for which can conveniently be pro- 
vided by copper-oxide rectifiers and suitable insulating 
transformers. To provide protection against higher induc- 
tion or ground potential, special longitudinal choke coils 
LC are added to the circuit as shown in Fig. 16. These 
coils are arranged to be non-inductive in the metallic cir- 
cuit but to have high inductance for the longitudinal 
circuit, and to have considerable dielectric strength for 
that path. This general arrangement provides supervision 
features for checking the integrity of a pilot-wire channel 
against open circuits, short circuits, or grounds. If super- 
vision features are not required, the mid-point connections 
of the insulating transformer are omitted and the line-side 
winding arranged in a single section. This results in simple 
connections for the pilot-wire relaying circuit. 


III. NOISE-FREQUENCY COORDINATION 


A telephone circuit traversing electric and magnetic 
fields will, in general, produce extraneous currents in all 
connected telephone receivers. These extraneous currents 
interfere with telephonic transmission if they are in the 
audio- or notse-frequency range and of appreciable magni- 
tude compared with normal voice currents. 

Noise-frequency coordination problems involve the same 
basic factors as the low-frequency problems, namely, in- 
fluence characteristics of the power circuit, susceptiveness 
of the communication circuit, and coupling between the 
circuits. These factors are, however, limited to the charac- 
teristics in the audio- or noise-frequency range and are, 
therefore, different from those encountered in low-fre- 
quency coordination. In general, the important frequencies 
in the noise-frequency problem are the incidental or har- 
monic frequencies of power-system operation. These har- 
monics are produced by reluctance changes due to poles 
and slots in rotating machines, by saturation in magnetic 
circuits, and by cyclic circuit changes in rectifiers and com- 
mutating machines. In the present state of the art these 
characteristics of electrical apparatus cannot be avoided, 
and any large improvement would require radical changes 
in apparatus design that would greatly increase the cost 
and decrease serviceability. It is, however, to the interest 
of both power and communication companies to control 
the harmonics to the greatest practical extent. 

The investigation of a noise-frequency coordination prob- 
lem requires the determination of (1) the noise-frequency 
or harmonic voltages and currents in the power system for 
each section involved in an inductive exposure, (2) the 
coupling factors between the power and communication 
circuits, and (3) the harmonic currents produced in the 
telephone receiver, or the telephone noise. The final step 
involves determination of whether the noise conditions are 
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satisfactory, and if unsatisfactory the selection of the 
appropriate remedial measures. The various factors in 
this problem are first considered, after which a method is 
given for estimating the resultant noise in the telephone 
eircult, 


10. Frequency-Weighting Curves 


The severity of an exposure in noise-frequency coordina- 
tion is difficult to define because of the many harmonic 
frequencies that may be present. It becomes desirable, 
therefore, to find a single factor, representing the effects of 
all the frequencies present, by means of which the severity 
of an exposure may be appraised. This is accomplished by 
the use of frequency-weighting curves as shown in Fig. 17. 
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Fig. 17—T.1.F. weighting curves. 
A—Telephone interference factor—based on 1919 frequency-weight- 
ing curve. 


B—Telephone influence factor—based on 1935 frequency-weighting 
curve. 


In the determination of such curves consideration is given 
to the following factors: 


1. Coupling between power and telephone circuits. 

2. Frequency-response characteristic of the telephone 
circuit, particularly the telephone receiver. 

3. Law of combination for effects of several frequencies. 

4, Characteristics of the human ear in regard to its per- 
ception of sounds. 

5. The effect of telephonic noise in adversely affecting 
reception because of unintelligibility or annoyance. 


To obtain the frequency-weighting curves®, extensive 
‘Sudgment” and “articulation” tests were made on tele- 
phone circuits subjected to single-frequency voltages of 
variable magnitudes. Judgment tests involve comparisons 
in the presence of speech of the relative interfering effects 
of the disturbing frequency to that produced by a reference 
noise in the receiver. Articulation tests involve the com- 
parison of the accuracy in receiving meaningless mono- 
syllables in the presence of variable amounts of the disturb- 
ing frequency. When currents of several frequencies are 
present in the telephone receiver, the overall effect corre- 
sponds to a complicated combination of the components. 
However, experience shows that satisfactory results can 
be obtained by combining the weighted components for 
the several frequencies according to the square root of the 
sum of the squares. These considerations provide the basis 
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for methods of estimating or measuring the total tele- 
phone-circuit noise, discussed in Sec. 14. Thus, starting 
with the harmonics in the voltages and currents of a power 
system and using coupling factors and the frequency- 
weighting curve applicable to the telephone circuit, it is 
possible to estimate the overall effect from the coordina- 
tion standpoint. However, for many purposes it is more 
convenient to obtain a single factor applicable to the har- 
monics on a power system. To do this it is necessary to 
modify the frequency-weighting curves applicable to the 
telephone circuit by factors which take into account the 
coupling between power and telephone circuits. Experi- 
ence shows that a factor directly proportional to frequency 
gives satisfactory results for both current and voltage har- 
monics. This leads to frequency-weighting curves applic- 
able to harmonics on power systems. These are called T. 
I. F. curves, where T. I. F. means telephone interference 
factor or telephone influence factor. Improvements in the 
telephone receivers over a period of years require different 
frequency-weighting curves as discussed in the following 
paragraph. 

Telephone Interference Factor, Telephone Influ- 
ence Factor, and T.I.F. Curves—The original or 1919 
frequency-weighting curve applicable to power-system 
harmonics is given in Curve A of Fig. 17, and the term was 
called Telephone Interference Factor. In 1935 a new fre- 
quency-weighting curve, as shown in Curve B of Fig. 17, 
was adopted and the term was changed to Telephone In- 
fluence Factor as being more descriptive of the actual 
quantity. The new type of hand set put into production 
by the Bell System in 1938 makes imminent further 
changes in the frequency-weighting curves. Originally it 


TABLE 1—T.I.F. WEIGHTINGS OF VARIOUS SINGLE FREQUENCIES 


Frequency 1919 T.LF. 1935 T.LP. 

60 8.8 1 
180 112 15 
300 440 205 
360 770 370 
420 1 100 590 
540 1770 1 250 
660 2 540 2 250 
720 3 100 2 990 
780 3 870 4080 
900 6 260 7 270 

1 020 11 700 11 600 
1 080 16 000 11 980 
1 140 16 100 11 100 
1 260 9 350 7 920 
1 380 6 100 5 470 
1 440 5 250 4740 
1 500 4 530 4 400 
1 620 3 600 3 900 
1740 3 020 3 660 
1 800 2 750 3 580 
1 860 2 600 3 570 
1 980 2 280 3 500 
2 100 2 000 3 500 
2500 | aa... 3 680 
8000 | — ..... 3 940 
5000 |  —..... 480 
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was intended that the 1935 T.I.F. curve and the term 
Telephone Influence Factor should replace the earlier 
forms. However, the transition requires time and has not 
been made throughout the industry and it appears that 
this change will not be made until after new curves are 
adopted. Asa consequence, both the 1919 and 1935 T.LF. 
curves and the corresponding terms are in use at present 
and their definitions are as follows: 


The telephone interference factor of a wave is the ratio of the 
square root of the sum of the squares of the weighted rms 
values of certain groups or of all sine-wave components, includ- 
ing in alternating waves both the fundamental and the har- 
monies to the rms value of wave. The weightings to be applied 
to the individual components of different frequencies are as 
given in Curve A of Fig. 17 and Table 1. 

The term telephone influence factor has the same definition as 
telephone interference factor except that the frequency weight- 
ings are obtained from Curve B of Fig. 17 and Table 1. 


These T.I.F. factors for apparatus are of two kinds, 
balanced and residual component. The definitions of 
these factors for a synchronous machine are as follows: 


The balanced telephone interference factor (or balanced tele- 
phone influence factor) of a three-phase synchronous machine 
is the ratio of the square root of the sum of the squares of 
weighted rms values of the fundamental and the non-triple 
series of harmonics to the rms value of the normal no-load 
voltage wave. 

The residual-component telephone interference factor (or re- 
sidual component telephone influence factor) of a three-phase 
synchronous machine is the ratio of the square root of the sum 
of the squares of the weighted values of one-third of the rms 
fundamental and harmonic residual voltages to the rms value 
of the normal voltage from line to neutral*. 


Balanced T.I.F. is obtained from the positive- and nega- 
tive-sequence voltages and currents, including both fun- 
damental and harmonics, while the residual componentt 
T.I.F. is obtained from the zero-sequence voltages and 
currents, including fundamental and harmonies, which, 
from a practical standpoint, are limited to those of the 
triple-harmonic series. Balanced and residual T.I.F. terms 
are also used in connection with systems under load 
conditions. 

Meters are available for measuring the telephone in- 
terference factor and the telephone influence factor of 
both voltage and current waves. In the case of voltage 
T.I.F. measurements, the reading is the ratio of the cur- 
rent in the metering element in micro-amperes to the rms 
value of voltage being measured. In the case of current 
T.LF. measurements, the drop across a one millihenry 
inductance in a series relation with the current being 
measured, is impressed on the meter, and the reading is the 
ratio of the current in the metering element in micro- 
amperes to the rms value of the current wave. Usually 
current and potential transformers are necessary to reduce 
the voltages and currents to magnitudes suitable for T.I.F. 
meters. In measurement of balanced T.1.F. for voltage 
on a machine or for voltage or current on a system, the 

*See also Sec. 11, Influence Factors. 

tResidual-component quantities are equal to the zero-sequence 


components, while residual quantities are three times the zero- 
sequence components. 
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line-to-line voltage or line currents with zero-sequence 
components removed are used. For the measurement of 
residual-component voltage T.I.F. of a machine, the ma. 
chine may be connected in “open delta” and a potential 
transformer placed between the meter and the machine, 
An alternative method applicable to both a machine or 
system is to connect the primary windings of three po- 
tential transformers from line-to-neutral terminals of the 
machine or system and to connect the secondary windings 
in opened delta across the T.I.F. meter. When potential 
transformers are used, they will introduce a small error 
resulting from the triple harmonics produced by the trans- 
formers themselves. This error is, however, unimportant, 
except where very low values of residual-component T.L.F, 
are being measured. Residual-current T.I.F. of a system 
may be obtained by using the sum of the three phase 
currents to energize the one millihenry coil across which 
the T.I.F. meter is connected. The terms KV-T and I-7 
are frequently used in connection with system quantities 
and give the total weighted factors for voltages and cur- 
rents respectively, both balanced and residual. In these 
terms T represents voltage or current T.I.F., KV the rms 
line-to-line, or residual voltage in kilovolts, and J the rms 
line current (with zero-sequence component removed), or 
the residual current in amperes. 


11. Noise-Frequency Influence Factors 


On commercial power systems of either the three-phase 
or the single-phase midpoint-grounded types, two kinds 
of circuits require consideration, namely, (1) the circuits 
whose paths are limited to the line conductors and (2) the 
circuits whose paths involve ground. Telephone engineers 
are accustomed to use the terms balanced voltages or cur- 
rents for those which are confined to the line conductors 
and the term residual voltages or currents to those which 
are associated with ground. Power engineers generally 
use symmetrical components and thus will recognize that 
the balanced voltages or currents are those of positive- or 
negative-sequence and that the residual voltages or cur- 
rents correspond to the sum of three phase quantities or to 
three times the zero-sequence quantities. Consideration 
must be given separately to these two types of circuits 
because the coupling factors between the power circuits 
as a whole and the communication circuit are much greater 
for residual or zero-sequence than for the balanced or 
positive- and negative-sequence; the ratio of these coup- 
ling factors, which may be as high as 50, depends upon 
power-cireuit configuration and the separation between 
power and telephone circuits. ; 

Sequence of Harmonics—Harmonics of symmetrical 
three-phase systems analyzed by symmetrical compon- 
ents*, are of definite sequence. In a symmetrical system 
the even harmonics are absent and the remaining har- 
monics are divided between the sequences as shown in the 
accompanying Table 2. 

Thus, positive-sequence harmonics are all of the order 
(6n+1) where n is any integer; the negative sequence, 
(6n—1) and the zero sequence, (6n—3). Triple harmomcs 
require separate consideration from the positive- or nega- 
tive-sequence harmonics because the former are of zerO 
sequence and flow in a different path. In a symmetrical 
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TABLE 2—-SEQUENCE OF HARMONICS IN THREE-PHASE SYSTEMS 


Harmonic Sequence Harmonie Sequence 
1 Positive 19 Positive 
3 Zero 21 Zero 
5 Negative 23 Negative 
7 Positive 25 Positive 
9 Zero 27 Zero 
i Negative 29 Negative 
13 Positive 31 Positive 
Zero ete. 
Negative 


system the line-to-neutral voltages contain all the har- 
monics present in the line-to-line voltage and in addition 
contain the zero-sequence harmonics. 

Balance of a Power System—lIi, under normal op- 
erating conditions, a power system is symmetrical and if 
voltages of positive-sequence only are generated, then only 
currents of positive-sequence can flow. However, if the 
circuit is unbalanced, the flow of positive-sequence current, 
for example, through unbalanced series impedances, pro- 
duces unbalanced voltages that include a zero-sequence 
component and produce zero-sequence currents, the im- 
portance of which from the induction standpoint may be 
many times that of the original balanced currents. This 
difference results from the greater coupling inherent in the 
residual or zero-sequence paths. Frequently, it is desirable 
to transpose the system in order to balance it. 

Wave-Shape Characteristics of Power Apparatus 
—Power systems normally operate at a fundamental fre- 
quency of 60 cycles, but it is necessary at times to con- 
sider 25 and 50-cycle a-c circuits and d-c circuits. The 
wave-shape characteristics of power systems are influenced 
principally by the harmonics generated in synchronous 
machines and converting apparatus and by exciting cur- 
rents in transformers. In a few cases it has been necessary 
to consider other types of apparatus that produce har- 
monics. 

Synchronous Machines—The important sources of har- 
monics in most power systems are synchronous machines, 
particularly generators. These, including condensers, fre- 
quency-changer sets, converters, and motors for industrial 
drive, have similar wave-shape characteristics. Except in 
a few applications, the smaller synchronous machines and 
the synchronous motors for industrial plants are usually 
unimportant unless larger than say 1000 kva. 

The principal sources of harmonics in a synchronous 
machine are: 


1. The field form, particularly with salient-pole con- 
struction. 

2. The variation in reluctance caused by slots. 

3. Saturation in main circuits and leakage paths. 

4. Damper windings, which frequently are unsym- 
metrically spaced. 

The most important of the possible methods of control- 

ling the harmonics are: 

1, Large air gap. 

2. Shaping of pole pieces. 

3. Partially-closed slots. 


Coordination of Power and Communication Systems 759 


4. Skewing of poles or slots. 

5. Number of slots per phase per pole. 
6. Chording of the windings. 

7. Fractional-slot windings. 


Often many of these controls are impractical since they 
would greatly increase costs. Ordinary closed slots are 
generally impractical because form-wound coils cannot be 
used. Skewing of poles or slots is an effective measure but 
frequently increases losses and introduces mechanical 
problems in construction and interferes with the rigidity 
of the support, which is usually not uniform throughout 
the length of the pole or slot. The more commonly useful 
factors include: 

1. Suitable ratios of slot opening to air-gap length. 

2. The avoidance of certain numbers of slots per pole 

per phase giving slot frequencies in the vicinity of 
1100 cycles. 

3. Chorded and fractional-slot windings. 
By varying the pitch of chorded windings it is possible to 
eliminate particular harmonics, but this is usually accom- 
panied by an increase in some other harmonic. Conse- 
quently, chording is a factor of limited usefulness. One of 
the most practical controls for slot harmonics is fractional- 
slot windings. While many combinations are possible, a 
frequent arrangement is an odd number of slots per pair of 
poles. This has the effect of keeping the reluctance con- 
stant since a change under one pole is compensated by an 
equal and opposite change under the adjacent pole. How- 
ever, such windings do interfere with the use of standard 
parts and generally require greater development for a line 
of machines than normal. 

The most important harmonics of a synchronous ma- 
chine result from the slot frequencies, and their values are 
given by: 


Fy=S(rps) +f 


=(2N+1)f 
where F,—slot frequencies 
S—total number of armature slots 
yps—machine speed in revolutions per second 
f--fundamental frequency 
N—number of slots per pole 


(18) 
(19) 


The frequency given by the first terms corresponds to 
the pulsation of reluctance in the magnetic circuit. Be- 
cause of the effect of rotation of the rotor, the harmonics 
appearing in the armature circuit are increased and de- 
creased by the fundamental. Thus, if the slot frequency 
corresponds to the 18th harmonic the frequencies appear- 
ing in the output circuit of a synchronous generator are 
the 17th and 19th harmonics of the fundamental. The slot 
frequencies always occur in pairs but their magnitudes are 
frequently quite different, the cause for which has not 
been fully investigated. Double-frequency pulsations: are 
produced (1) by saturation in the magnetic circuit, par- 
ticularly in the teeth, and (2) by reflection from currents 
induced in rotor bars by the slot ripple. Additional fre- 
quencies may be produced by damper windings, which 
usually are not uniformly distributed within the pole or 
interpolar space. With non-uniform arrangements it is 
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difficult to estimate the magnitude and equivalent fre- 
quency of these harmonics. Consequently, these effects are 
estimated principally from tests on similar machines. 

The foregoing discussion applies to positive- and nega- 
tive-sequence harmonics and to zero-sequence harmonics 
as well. However, the zero-sequence or triple harmonics 
require special attention because, as pointed out previous- 
ly, they are the only ones acting on the zero-sequence path 
ina symmetrical system. Triple harmonics in a synchron- 
ous machine can be controlled by altering the field form 
and particularly by using a two-thirds pitch winding. 
Theoretically, these measures should be sufficient to 
eliminate the triple harmonics and in practice this is sub- 
stantially accomplished if a two-thirds pitch winding is 
used. The windings of two-pole machines are generally de- 
signed with a throw less than two-thirds pitch because of 
the difficulty of getting coils with longer throw through 
the small bores. Machines with four or more poles are 
generally designed with coil throws as near full pitch as 
possible in order to work the material in the most eco- 
nomical manner. To obtain the advantage of keeping the 
triple harmonics low, a two-thirds pitch winding is re- 
quired because small departure in pitch would greatly in- 
crease the magnitude of these harmonics. A two-thirds 
pitch winding is, however, not desirable from the stand- 
point of the balanced harmonics because other windings 
are more advantageous for controlling the nontriple har- 
monies, for example, a winding of 0.833 pitch reduces the 
5th, 7th, 17th and 19th harmonics by 75 percent of the full 
pitch value. A two-thirds pitch winding has low imped- 
ance to triple harmonics and thus may constitute a con- 
tributing factor in the coordination problem for triple 
harmonics produced in other parts of the system. The 
two-thirds pitch windings will, in general, increase the cost 
of machines, but this may be justified in particular cases 
where severe exposures involving zero-sequence coupling 
are anticipated. 

The wave-shape requirement of synchronous machines 
are defined in the A.I.E.E. standards in two ways, namely, 
Deviation Factor and Telephone Interference Factor. The 
deviation factor is obtained from the magnitude-time curve 
of the machine no-load normal voltage wave and a sinu- 
soidal wave of the same rms value, the two curves being 
adjusted so as to give the minimum maximum deviation. 
The A.S.A. Standards C-50 call for a maximum permissible 
deviation of 10 percent. However, wave-shape deviation 
is relatively unimportant in inductive coordination because 
deviation is usually controlled by the lower harmonics 
whereas the telephone interference factor is controlled by 
higher harmonics of much smaller magnitude. 

The wave-shape requirements of a generator from the 
coordination standpoint are normally defined in terms of 
the no-load voltage telephone interference factor discussed 
previously. The standard values of voltage T.I.F. for 
synchronous machines adopted by N.E.M.A. are as given 
in Table 3. The range above 1000 kva was previously 
adopted by N.E.L.A.!4 

The foregoing levels, it is to be understood, will not 
avoid the possibility of interference in all cases, neverthe- 
less, they represent the most reasonable limits at the time 
of their original adoption in 1932 and have given good re- 
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TABLE 3 TELEPHONE INTERFERENCE Factors (T.LF.) 
STANDARD VALUES FOR SYNCHRONOUS MACHINES 


Machine Kva Range Balanced T.I.F. 


60 Cycles Line-to-Line Terminals 
62.5- 299 300 
300 ~— 699 200 
700 - 999 150 
1000 -2 499 125 
2500 -9 999 60 
10 000 up 50 

Residual-Component T.1.F,* 

5000 kva up 30 


CS 
*There is no standard for machines of less than 2000 volts, 


sults since. Where trouble exists or can be anticipated 
from difficult exposure conditions, and where a grounded- 
neutral machine is to be used, it is recommended" that the 
purchaser obtain from the manufacturer a quotation on a 
machine with the foregoing limit, and in addition an alter- 
nate quotation on a machine with a residual-component 
T.I.F. not to exceed 2.5 This figure of 2.5 for T.I.F. is 
intended to cover a machine having a two-thirds pitch 
winding or an equivalent wave shape obtained in some 
other manner. Special filters or resonant shunts for the 
few cases of trouble may provide a more economical solu- 
tion than having all machines with low T.I.F. levels. 

Specifications for residual-component T.I.F. are not 
applicable to machines without neutral leads brought out 
for grounding; they should not be applied to grounded 
machines unless the system connections are such that zero- 
sequence harmonics in the machines can be impressed on 
aerial power circuits that may now or in the future parallel 
communication circuits. Thus, residual-component T.1.F. 
is not applicable to the frequently-occurring case of a ma- 
chine with neutral grounded but which is separated from 
distribution circuits by a two-winding transformer with at 
least one set of its windings connected in delta. 

When a synchronous machine is connected to a system, 
paths are provided for currents produced by the harmonic 
voltages generated in the machine or in the external cir- 
cuit. These harmonic voltages and currents can be calcu- 
lated on the basis of internal or generated*harmonic volt- 
ages and the harmonic impedances of the system (discussed 
subsequently) and the harmonic reactances of the machine. 
The internal harmonic voltages of a loaded machine can be 
greater or less than the no-load normal-voltage value of 
the harmonics, but are generally taken the same for calcu- 
lating purposes. The internal reactances at harmonic 
frequencies are commonly expressed in terms of an equiva- 
lent fundamental-frequency value multiplied by the order 
of the harmonic. This equivalent fundamental-frequency 
reactance is based on (1) the negative-sequence reactance 
for positive- or negative-sequence harmonics and (2) the 
zero-sequence reactance for the zero-sequence harmonics. 
The equivalent fundamental-frequency reactance for 
positive- or negative-sequence harmonics is reduced at the 
higher frequencies because of the smaller amount of flux 
penetrating the rotor. The amount of reduction is not 
known accurately but normally is taken as unity for 60 
cycles and about 0.8 at 1000 cycles and in proportion for 
other frequencies. 
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Synchronous Converters—In the a-c circuits, synchro- 
nous converters produce harmonics that are characteristic 
of synchronous machines as previously discussed. There 
are also relatively large 5th and 7th harmonics, which are 
produced by the successive connection and disconnection 
of winding sections to the d-c output circuit by the com- 
mutator and collector rings. In addition, synchronous 
converters produce in the d-c circuits harmonics due to 
slots and commutation that are characteristic of d-c 
machines. 

Induction Motors—The harmonics produced by induc- 
tion motors are rarely important iti noise-frequency co- 
ordination. The most important harmonics produced by 
an induction motor are caused by reluctance changes in- 
troduced by stator and rotor slots and their harmonic 
frequencies are: 


F,=(S.) (rps) +f (20) 
F,= (S;)(rps) +f (21) 


where F,, F,—slot frequencies due to stator and rotor 
slots, respectively 
Ss, S;—total number of stator and rotor slots, 
respectively 
rps—speed of rotor in revolutions per second 
{—generated frequency, normally 60 cycles. 


The slot harmonics occur in pairs for both stator and rotor 
slots. These frequencies are related to the actual speed of 
the induction motor and vary with the slip. Certain slot 
combinations are undesirable, as for example one that 
would cause one of the harmonics from stator slots to be 
the same as one caused by the rotor slots. In addition, 
other harmonics, principally the 2nd harmonic, can be 
produced by saturation, mainly in the teeth. The magni- 
tudes of the harmonics vary with the character of the slot, 
being relatively small for closed slots and large for open 
slots. 

The harmonic voltages produced by an induction motor 
can be measured only when connected to a source of exci- 
tation. Thus, induction motors do not have a character- 
istic wave shape in the same sense as synchronous ma- 
chines and no standard method of determining their wave 
shape has been proposed. In spite of the enormous quan- 
tity of induction motors that have been built, only a very 
few have been involved in noise-frequency coordination 
problems. In cases of trouble other contributing factors 
are frequently present, such as resonance in the supply 
system to the particular slot frequencies generated in the 
induction motor. In the few cases of trouble, solutions 
have been obtained by shunt filters or even shunt capaci- 
tors, or by changing the motor to another design giving 
different slot frequencies, thus avoiding resonance with 
the supply circuit. 

D-c Machines—Harmonies in d-c machines are due 
principally to the slots and commutators and their values 
are: 


F,=S(rps) (22) 
F.=C (rps) (23) 
where F,, ’,—slot and commutator frequencies, 
respectively 
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S,C—number of slots and commutator bars, 
respectively 
rps—machine speed, revolutions per second 


In addition, harmonics of double the slot and commutator 
frequencies may be present because of saturation in the 
magnetic circuits which occurs principally in the armature 
teeth. The harmonic current can be estimated from the 
harmonic generated voltage, the harmonic impedance of 
the external circuit and the harmonic inductance of the 
machine. The approximate internal inductance of d-c 
machines is given by the following equation: 


150/ Vac 
Leer Ge 


kw 
kw-—rating of machine in kilowatts 
Vae—machine d-c voltage 


2 
) millihenries (24) 


where 


In particular cases, it may be found desirable to employ 
machines having especially good wave shape or to use 
filtering equipment. 

Transformers—Saturation of iron in the magnetic circuit 
of a transformer is its only inherent characteristic that 
tends to distort the wave shape of a power system. The 
term “saturation” as used in this chapter may be defined 
as a deviation from a linear relation of the magnetic flux 
in the iron and the magnetizing force. If saturation exists, 
the application of sinusoidal voltage to a transformer will 
produce non-sinusoidal exciting current and conversely 
the flow of sinusoidal current will be accompanied by non- 
sinusoidal voltages across the primary and secondary 
windings of the transformer. Both the distortion in voltage 
and exciting current may be important in inductive co- 
ordination. It is impractical, however, to build trans- 
formers without saturation, and as a consequence, this 
source of wave-shape distortion is unavoidable. 

The phenomena accompanying saturation in a trans- 
former can be analyzed with the aid of equivalent circuits 
using leakage and magnetizing reactances of the trans- 
former. In the equivalent-T network, shown in Fig. 18, 


me 000000000000000 ai 


Fig. 18—Equivalent circuit for analyzing harmonic voltages 
and currents due to saturation in a transformer. 


£,—-Sinusoidal fundamental-frequency source (impedanceless 
in itself). 
Z,—Impedance of source, different values for different harmonic 
frequencies. 
E,, E,—Primary and secondary voltages. 
Ly, Ly—Leakage inductances associated with primary and secondary 
windings. 
M—Miutual inductance of transformer windings. 
£,—Fictitious impedanceless sources of harmonic voltages of 
different magnitudes at different frequencies. 
‘Iex—Exciting current due to sources E, and Ey. 
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the leakage reactance is divided into two parts, which are 
associated with the primary and secondary windings. The 
division of leakage reactance between the two windings 
can be estimated from the amount of each winding that 
is closest to the core. In Fig. 18 the source is represented 
by an impedanceless generator of sinusoidal fundamental 
frequency and a “‘source impedance” that can vary through 
wide ranges of values, particularly at the harmonic fre- 
quencies. It is convenient to think of the harmonic fre- 
quencies as being produced by impedanceless harmonic- 
voltage source /, connected in series with branch wi of 
the equivalent network. These harmonic sources include 
for a single-phase unit all the odd harmonics with magni- 
tudes decreasing as the order of the harmonic increases. 
Thus, all the harmonic-frequency loss and reactive kva 
are supplied to the transformer at fundamental frequency 
and there converted by the nonlinearity in the magnetic 
circuit to harmonic sources, which cause harmonic currents 
to flow back through the actual source. This conception 
of the equivalent circuit for representing harmonics pro- 
duced by saturation should be considered as an approxima- 
tion but it is useful for analyzing transformer operation 
from the standpoint of the coordination of power and 
communication systems. 

The equivalent circuit of Fig. 18 will now be used to 
examine the distortion in voltage or exciting current of 
transformers for various circuit conditions. Consider first 
an impedanceless source of sinusoidal wave shape, a con- 
dition frequently approached in actual operation. Under 
this condition the primary voltage is sinusoidal but the 
exciting current contains harmonic components produced 
by the harmonic sources #, which cause currents to flow 
through the impedanceless fundamental-frequency source. 
The secondary voltage contains some distortion because 
of the leakage between primary and secondary windings. 
The secondary harmonic voltage can be estimated if the 
harmonic components of exciting current and the equiva- 
lent primary leakage reactance are known. Consider next 
the case of a sinusoidal source of low impedance at funda- 
mental frequency but of infinite impedances at harmonic 
frequencies. Under this condition the exciting current is 
of fundamental frequency only, but the primary and 
secondary voltages contain large harmonic components. 
Occasionally such a condition is approximated under actual 
operation as when a small transformer carries rated cur- 
rent composed solely of the exciting currents of other 
transformers. This results in a secondary voltage of badly 
distorted wave shape. On many systems the supply cir- 
cuit is of relatively high impedance for particular har- 
monics so that the corresponding harmonic components of 

_exciting current are suppressed and the corresponding 
harmonic voltages are increased. This particular con- 
dition is frequently encountered with banks of transform- 
ers with connections that do not provide a path for the 
flow of triple-harmonic exciting currents. If a load is con- 
nected to the secondary of the equivalent circuit of Fig. 18, 
it is evident that the harmonic currents will divide between 
primary and secondary windings. If one of these circuits 
is resonant at a particular harmonic frequency, then all 
that harmonic component of exciting current will flow 
through that transformer winding. If a power system is 
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maintained constant except for variation in the source 
impedance at one harmonic frequency, there will be 
changes in the voltages and currents of other harmonic 
frequencies. Because of this, there is little reason to under- 
take accurate calculation of harmonic voltages and cur- 
rents except for the lower frequencies. Harmonic voltages 
in the power sources may increase or decrease the harmonic 
exciting currents, particularly the components flowing in 
one of the transformer windings. Theoretically, a supply 
voltage containing harmonics of the proper frequencies, 
magnitudes, and phase relations can produce sinusoidal 
exciting current. Sometimes a harmonic in the source and 
resonance of the transformer with the source impedance at 
the same frequency produce unexpectedly large distortion 
of the current or voltage waves. 

It is the harmonic components rather than the funda- 
mental-frequency component of exciting current that are 
important in noise-frequency coordination. However, the 
harmonic currents can usually be correlated with the total 
exciting current. The magnitudes of exciting current for 
typical transformer classes and kva sizes are given in Chap. 
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Fig. 19— Fundamental and harmonic components of exciting 

current for different applied voltages—based on silicon iron 

used in transformers. For variation of exciting current with 
voltage see Fig. 40 of Chap. 5. 
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5. Exciting currents vary importantly with voltage, in- 
creasing somewhat morc than two to one for each ten per- 
cent increase in voltage. Chapter 5 also gives typical 
curves of exciting-current variation with applied voltage. 
Examination of such curves emphasizes the importance of 
avoiding over-excitation of transformers. 

Typical harmonic composition of exciting current for 
silicon iron used at commercial densities in transformers 
is given in Fig. 19. This curve is based on the free flow 
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well, and the higher harmonics will likely show wide 
divergence. 

With single-phase transformers supplied from single- 
phase systems, there is normally a low-impedance path 
for the flow of all odd-harmonic frequencies produced by 
transformer saturation. When single-phase transformers 
are connected in three-phase banks and supplicd from 
three-phase systems, the odd non-triple harmonic exciting 
currents can flow because they are of positive- or negative- 


TABLE 4— TRIPLE-HARM@NIC VOLTAGE AND CURRENT CHARACTERISTICS OF COMMON TRANSFORMER CONNECTIONS. 
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CASE 
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CIRCUIT TRIPLE HARMONICS 
CURRENTS VOLTAGES 
PRIMARY |SECONDARY| PRIMARY }|SECONDARY 
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(o)SMALL 
{b) NEGLI- 
GIBLE 


TRIPLE-HARMONIG 
VOLTAGE TO GNO. 
AT STAR POINT 


SMALL 


NONE SMALL 


(a) LARGE 
(b) SMALL 


(9) LARGE | (a) SMALL 
(>) SMALL | (b) LARGE 


{o) SMALL 
(b) LARGE 


(a) SMALL 
{b) LARGE 


(a) LARGE 
(b) SMALL 


NONE 
NONE 


(0) SMALL 
(b) LARGE 


(a) SMALL 
{b) LARGE 


(a) FOR LOW IMPEDANCE TO TRIPLES OF THE SECONDARY OF CASE 3, PRIMARY OR SECONDARY OR BOTH OF CASE 4, & PRIMARY OF CASE 5. 
(b) FOR HIGH IMPEDANCE TO TRIPLES OF THE SECONDARY OF CASE 3, BOTH PRIMARY AND SECONDARY OF CASE 4, AND PRIMARY OF CASE 5. 


of all the harmonic exciting currents required. The curve 
ean be applied to single-phase transformers with low- 
impedance sources and to three-phase banks that also 
include a low-impedance path for triple harmonics. The 
harmonic components of exciting currents increase rapidly 
with overvoltage, more rapidly than the total exciting cur- 
rent as indicated in Fig. 19. If a transformer is shifted 
from one location to another or from one system to another 
and the exciting currents are compared, it will be found 
that the total exciting currents will usually correspond, 
the third- and fifth-harmonic components will check ap- 
proximately, the 7th- and 9th-harmonics will check less 


sequence as pointed out previously. However, the flow of 
triple-harmonic exciting currents, which are of zero-se- 
quence, depends upon whether the transformer, the sup- 
ply-system connections or load circuit provides such a 
path. That the triple harmonics are zero-sequence be- 
comes evident from plots of the fundamental and the 
triple harmonics for each phase in corresponding phase 
position to the fundamental which is symmetrically dis- 
placed. The actual triple-harmonic voltage and current 
distribution for the six common forms of two-winding 
transformers arranged in three-phase banks is illustrated 
in Table 4. For each of these connections the equivalent 
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circuit of Fig. 18 has been modified for the representation 
of zero-sequence harmonics. Thus, the harmonic sources 
Ey are of triple-harmonic frequency only. The connection 
of the transformers in the equivalent circuit of Table 4 
provide: (1) for delta windings, a path for the flow of 
triple-harmonic exciting currents within the transformer, 
(2) for grounded-star connection, a path for the triple- 
harmonic exciting currents through the external circuit 
if it is complete, and (3) for ungrounded-star connection, 
no path is provided for triples either in the transformer 
or through the external circuit. The distribution of har- 
monic voltages can be estimated from the triple-harmonic 
currents flowing through the transformer connection 
in a manner analogous to that previously described in 
connection with single-phase transformers on a single- 
phase system. The results of such analyses are summar- 
ized for easy reference in Table 4. Triple-harmonic 
voltages appear between line and neutral but distribution 
of voltage between neutral point and ground and line 
terminals and ground depends on the impedance between 
these terminals and ground. Thus, for the extreme con- 
ditions (1) if the neutral is grounded the triple-harmonic 
voltages appear between line terminals and ground and 
are impressed on the external circuit and (2) if the 
neutral is ungrounded the triple-harmonic voltages appear 
between neutral and ground and are not impressed on the 
external circuit. 

Three-winding transformers made up of single-phase 
units can be treated like two-winding transformers. These 
equivalent circuits may be of either the equivalent-T form 
with one magnetizing branch and three branches of equiva- 
lent leakage reactance or of the equivalent-x form with 
three magnetizing branches and three leakage reactance 
branches. Frequently one of the windings does not permit 
the flow of triple-harmonic currents. This results in a 
corresponding simplification of the equivalent circuit for 
determining harmonic-current flow. The interconnected- 
star can be considered as a special case of the three-wind- 
ing transformer. Triple-harmonic voltages can appear 
between the two halves of an interconnected-star winding 
of symmetrical design but not between line and ground 
terminals on the interconnected-star side. 

Three-phase shell-type transformers have characteristics 
that correspond to three-phase banks of single-phase 
transformers of the same electrical connection. In the case 
of three-phase three-legged core transformers the triple- 
harmonic fluxes are in the same direction in the same cores 
at the same time. Consequently, the triple-harmonic 
exciting currents are suppressed because the resultant 
leakage path includes a large air path. However, the 
reluctances of these magnetic circuits are unequal in the 
three phases, consequently, the exciting currents are not 
balanced and some exciting current does flow through the 
neutral. 

Phase-shifting transformers may have at the neutral end 
auxiliary-circuit units that may require consideration in 
inductive coordination. Ordinarily, however, they are 
unimportant because of the small exciting kva required. 
The problem can, however, be analyzed as described for 
other transformers. 

Coordination problems are rarely caused by transform- 
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ers with delta-connected windings. Occasionally system 
connections require star-star connections in order to 
ground the system on both sides or to permit use of auto- 
transformers. Sometimes transformers originally designed 
for delta grounded-star connection are reconnected jn 
star-star because of a 1/3 increase in voltage on the delta. 
winding side. For these it is common practice to use 
tertiary-delta windings of low reactance having a capacity 
at least 35 percent of that of the transformer rating. [t 
may be desirable here to limit the triple-harmonie voltages 
by providing suitable low-impedance paths through other 
equipment. This can be done by a grounded star-con- 
nected generator or by grounded star-delta or grounded 
interconnected-star transformers. It is important to avoid 
the creation of a coordination problem because of the 
triple-harmonic currents that flow through the connecting 
circuit. In addition, it is also necessary to consider the 
possible effect of triple-harmonic voltages produced by the 
generator and impressed on the external circuit through 
the grounded star-star connections. The use of a generator 
to provide a path for triple harmonics is usually impracti- 
cable if there is an exposure on the intervening circuit, 
unless the generator has low triple-harmonic voltages as 
with a two-thirds pitch winding. The triple-harmonic 
voltages appearing in the external circuit can be estimated 
from the triple-harmonic exciting currents and the react- 
ances of the external circuit. 

If transformers are the cause of harmonic distortion, 
this fact can usually be established by varying the funda- 
mental-frequency voltage of various system elements. A 
10 percent increase in system voltage will be accompanied 
by an approximately 10 percent increase in harmonics if 
contributed by a particular rotating machine or rectifier 
and by a roughly 2 to 1 increase in harmonics if contribut- 
ed by a particular transformer. This provides a practical 
basis for studying the effects produced by individual 
transformers. 

If transformers draw large magnetizing currents and if 
the supply reactances are relatively high, the combination 
can produce relatively high harmonic voltages, particular- 
ly for the 5th harmonic. These harmonic voltages can be 
reduced by providing nearby a low-impedartce path for the 
particular harmonic. Such a path can be obtained by shunt 
capacitors or preferably shunt capacitors in combination 
with reactors tuned to the selected frequency. The har- 
monic distribution of voltages and currents in a system 
can be calculated by setting up the equivalent circuit for 
the system separately for each harmonic frequency. For 
each transformer, the equivalent circuit should be made 
as shown in Fig. 18 with the internal harmonic voltages 
and exciting reactances adjusted to give harmonic currents 
in the external circuits that correspond to the particular 
transformer designs. The internal harmonic voltages for 
each transformer can be taken at an assumed phase rela- 
tion with the fundamental-frequency voltage at the trans- 
former location and these phase positions related to each 
other in accordance with the differences in phase relations 
of the fundamental-frequency voltages at these locations. 
The a-c network calculator may be used advantageously 
in solving such harmonic-distribution problems. Further 
discussion of this method and the results of field tests, 


Chapter 23 


both with and without capacitors are given by Feaster 
and Harder". 

Shunt Capacitors*—Unlike rotating machines or trans- 
formers, capacitors are not, in themselves, sources of har- 
monies. However, the addition of a capacitor to a circuit 
will have important effects on the circuit impedances. If 
harmonics exist in the circuit, then the change in circuit 
impedance caused by the addition of the capacitor may 
substantially increase or decrease the harmonic current 
flowing in the various parts of the circuit. This depends 
upon the impedances of the capacitor and“the remainder 
of the circuit and upon their relation to the particular 
harmonic frequencies present. 

The elements of the coordination problem with capac- 
itors can be illustrated by a simple series circuit as shown 
in Fig. 20. The calculated impedances of this circuit over 
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Fig. 20—Effect of capacitors on circuit impedance—calcula- 
tions based on a two-mile 4-kyv circuit. 


the frequency range for both the balanced or positive- 
sequence currents and for the residual currents (three 
times zero-sequence currents) are plotted in this figure. 
These curves show how resonance to particular harmonics 
can be avoided by suitable choice of capacitor size. 

When the generated harmonic in the source is of or near 
the resonant frequency of the circuit with the capacitor 
connected, there will be an increase in the harmonic volt- 
age drop across the capacitor. When the generated har- 
monic voltages are well above the resonant frequency of 
the circuit, there will be some increase in harmonic current 
resulting from the addition of the capacitor, but the har- 
monic voltage at the location of the capacitor will be 
materially reduced. In certain situations, this reduction 
in harmonic voltage may result in substantial decrease of 


*This section is abridged from reference 12. 
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noise in paralleling telephone circuits for exposures beyond 
the capacitor location. 

The importance of these resonance conditions from the 
standpoint of inductive coordination depends upon the 
following power-system characteristics: 


Magnitudes and frequencies of the harmonic voltages 
impressed on the distribution circuit. 


Type of distribution system—delta, or wye grounded 
at substation only, or with neutral-wire grounded at 
substation and other pointsf. 


Type of capacitor instullations—single-phase, or three- 
phase delta or wye. 


Some possible measures applicable to a power system 
for limiting influence factors increased by a capacitor will 
now be discussed. 


(a) When capacitors are connected in outlying sections 
to single-phase extensions consisting of a phase wire and 
multi-grounded neutral, the likelihood of noise induction 
is greater than if the capacitors are connected in three- 
phase banks on the three-phase portion of the feeder. 
This is because of the possibility of long exposures and 
open-wire telephone circuits in the outlying areas. The 
connection of capacitors as three-phase banks, rather than 
individual units on single-phase extensions, usually results 
in lower power-circuit influence. (b) Where the induction 
from ground-return currents would otherwise tend to pre- 
dominate as, for example, in distribution systems with 
multi-grounded neutral wire, the connection of the capaci- 
tors from phase wire to phase wire in the three-phase sec- 
tion minimizes the ground-return currents. (c) A low- 
voltage gap (instead of a direct connection) between the 
neutral of a wye-connected capacitor bank and the multi- 
grounded neutral conductor also is effective in minimizing 
the ground-return current. Such a gap, if properly set, 
sparks over when a fault occurs in a capacitor unit in one 
phase, thus preventing sustained overvoltage (line-to-line 
voltage) on the remaining capacitor phases. On 4000-volt 
wye circuits, the gap is so small that it is difficult to main- 
tain. (d) A change in the size of the capacitor on a feeder 
or in the number of capacitors on a feeder changes the 
resonant frequency. Knowing the wave shape of the im- 
pressed voltage and the constants of the supply system 
and distribution circuit, a capacitor size or location with 
decreased inductive influence can be chosen. (e) Another 
method is to connect an auxiliary reactor in series with the 
capacitor on each phase. Such a reactor should have a 60- 
cycle impedance of about five percent of the line-to-neutral 
impedance of the capacitor and the combination, in effect, 
appears as a resonant shunt at a frequency of about 270 
cycles. On a multi-grounded system this arrangement, 
theoretically, is particularly effective in minimizing the 
ground-return currents at frequencies of 300 cycles and 
above. Some increase in the 180-cycle component may 
occur in the case of capacitors connected from phase wires 
to neutral. This arrangement is probably effective in all 
cases except where the noise induction is controlled by the 


{These two forms of grounding are frequently termed uni- 
grounding and multi-grounding. 
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180-cycle ground-return currents. An auxiliary reactor of 
this type increases the 60-cycle impressed voltage across 
the capacitor by about five percent, and increases the 
capacitor kva by 10 percent, but the net kva of the instal- 
lation by only five percent. (f) A similar reactor in the 
neutral of a wye-connected capacitor can be used to reduce 
the noise induction caused by residual components. Such 
a reactor should have a 60-cycle impedance of about four 
percent of the line-to-neutral impedance of the capacitor, 


~j 200% -j200% -j200% -j200 % 
+j400% +j200% 
he Te 

(a) (b) 


Fig. 21—Schematic diagram illustrating use of reactors in a 
capacitor installation to give in the external circuit: 


(a)—Open circuit to the hth harmonic. 
(b)—Short circuit to the hth harmonic. 
All reactances in the figure are 60-cycle values on capacitor-bank 
rating. 


the combination constituting a resonant shunt at 180 
cycles in the residual circuit. It destroys any resonant 
condition, in the residual circuit, between the capacitor 
and the line, and reduces all harmonic residual currents. 

The installation of a shunt capacitor may increase har- 
monic currents or voltages on a system. By adding an ap- 
propriate amount of reactance in the shunt capacitor the 
effects of resonance to a particular harmonic can be mini- 
mized and the harmonic current drawn over a particular 
path can be controlled. Fig. 21 has been prepared to illus- 
trate the range of effects that can be obtained. Sometimes 
it is desirable to provide a resonant shunt at the capacitor 
location, as illustrated in Fig. 21 (b), in order to minimize 
the harmonic voltages impressed on the circuit beyond the 
capacitor. At other times it is undesirable, as a result of a 
capacitor installation, to draw additional harmonic cur- 
rents over a particular circuit. To avoid this, the capacitor 
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may be provided with a reactor as shown in Fig. 21 (a), 
This combination constitutes a blocking filter and acts as 
an open circuit to the selected frequency insofar ag ex- 
ternal circuits are concerned. However, harmonic currents 
flow in the capacitor as determined by the harmonic volt. 
ages impressed upon it. Further discussion of resonant 


A-C SUPPLY 


LOAD 


Fig. 22—Schematic wiring diagram of a diametrical six-phase 
rectifier with grid control by a-c voltage of variable phase 
position. 


shunts and blocking filters are given in the latter part of 
this section. 

Rectifiers and Inverters—With rectifiers and inverters of 
the ignitron, multi-anode tank or glass-tube types, the 
alternate periods of conduction and non-conduction for 
fractional parts of a cycle produce harmonics in both the 
a-c and d-e circuits. The schematic diagram of a six-phase 
star rectifier with control grids is shown in Fig. 22 and the 
conventional voltage- and current-wave shapes for dif- 
ferent conditions of rectifier and inverter Speration are as 
shown in Fig. 23. The d-c voltage wave is shown by the 


(a) 


Fig. 23—Instantaneous voltage and current diagrams of diametrical six-phase rectifier for operation as: 


(a)—Rectifier without grid control. 
(b)—Grid-controlled rectifier, 
(c)—Inverter. 

Load circuit assumed to be of infinite inductance. 


(b) (c) 


u—Angle of overlap—electrical degrees. 
a—Angle of grid delay—electrical degrees. 
(u-+-a’)—Angle of advance (firing)—electrical degrees. 
For other quantities see text. 
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solid line and the individual anode-to-neutral voltages by 
broken lines. The direct current wave is assumed constant, 
which corresponds to a load circuit of infinite inductance. 
The currents taken by individual anodes are shown by 
heavy lines. 

In the operation of a rectifier without grid control at the 
instant c, Fig. 23 (a), anode 1 has a potential equal to that 
of the incoming anode 2. Consequently, current begins to 
flow in anode 2 and to decrease in anode 1. The transfer 
of current from one anode to the next is called commuta- 
tion and its duration is given by the angle of overlap, w. 
During commutation the d-c output voltage is the average 
of the voltages for anodes 1 and 2 for the period considered. 
At the end of this commutating period, anode I stops car- 
rying current and the d-c circuit. voltage rises to the value 
corresponding to anode 2. The anode currents change in 
value during commutation, but the sum is at all times 
equal to the assumed constant d-c out-put. Angle wu de- 
pends upon the load and the regulation of the circuit and 
is determined in amount by: 

IX 7 
Ey sin (x/p) 
where J—d-c circuit current per secondary phase-group 
Ey—crest value of secondary voltage from line to 
neutral 
X—commutating reactance 
p—number of secondary phases 


cos w=1— (25) 


The commutating reactance is defined as half of the re- 
actance between the two anodes, the circuit for which in- 
cludes that of anode reactors, rectifier transformer, and 
the supply circuit using subtransient reactances of gener- 
ators. All these reactances must be reduced in terms of 
line-to-neutral voltage on rectifier side of its transformer. 
The number of rectifier secondary phases is: 


7 360° 
p= (conducting period) — (angle of overlap) 


(26) 


For most commercial power rectifiers, p is three as this 
corresponds to the connection that gives greater ‘“‘appa- 
ratus efficiency” than those that allow current to flow 
through each secondary winding for a shorter period. The 
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Fig. 24—Angle of overlap plotted as a function of the ratio 
IX/Eo for rectifiers not using control grids. Most rectifiers 
use connections corresponding to p=3. 
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relation between the commutating angle and the factor 
IX /E, is given by Fig. 24, which corresponds to Eq. (25). 

Ignitrons and grid-control rectifiers operate similarly 
to the plain rectifier except that the application of poten- 
tial to the igniter or to the grid delays the start of condue- 
tion of the incoming anode. This is shown in Fig. 23(b) by 
the delay from the point ¢ as given by the angle a, which 
is known as the angle of grid delay. At point c, current 
begins to flow in the incoming anode and to decrease in 
the outgoing anode. Current flow continues for the angle 
u. After the transfer is completed the voltage of the out- 
put circuit corresponds to the anode voltage. The relaticn 
between u, a and the other factors is given by: 


IX 
FE, sin (1/p) 
The operation of the inverter is indicated in Fig. 23 (c). 
By the application of potential to the grids, current flow 


cos (u+a) =cos a— 


(27) 


TABLE 5— HARMONICS OF RECTIFIERS AND INVERTERS 
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Fig. 25-—-Harmonic currents in the a-c supply of rectifiers and 
inverters with control grids. Curves plotted in three sets for 
three ratios of IX/E,, each set plotted for five values of voltage 
reduction by grid control for rectifiers. Same curves may be 
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is started in anode 1 at the instant c, and transfer takes 
place at the end of the commutating period corresponding 
to the angle u. The end of the conducting period must be 
sufficiently in advance of the point e, otherwise, transfer 
cannot be made and proper inverter operation cannot be 
secured. The angle a’ corresponds to the time available 
for delonization. 

The voltage and current-wave shapes of Fig. 23 can be 
used in a Fourier analysis to obtain the a-c and d-c har- 
monics of rectifiers with and without grid control and of 
inverters',!4. In this method as applied to the six-phase 
rectifier, the a-c currents are obtained by using, for ex. 
ample, a positive wave for one-half of a cycle and a nega- 
tive wave from another phase for the other half of the 
cycle. The instantaneous anode current during commu- 
tation is defined by: 


. 1(% a—cos (6+a) 
t=" \ cos a— cos (u+a@) 


where I, u, a—meaning previously described 
é—represents time in electrical degrees 

Harmonic currents in the a-e supply circuits are affected 
by the amount of grid control present, that is, by the 
magnitude of the angle of retardation a and the angle of 
advance (w-+a’), and also by the factor [X/E,. Com- 
mercial power rectifiers rarely have less than six phases, 
consequently, the a-c harmonics given in Fig. 25 are in 
terms of a six-phase rectifier, which may be of any of the 
conventional types so long as the direct. current per phase 
group remains the same*. The harmonic frequencies of 
currents in the primary of a rectifier transformer are as 
shown in Table 5. With more than six rectifier phases, 
certain groups of harmonics produced by a six-phase rec- 
tifier are theoretically eliminated, and practically are 
greatly reduced. Tests conducted by the Edison Electric 
Institute and the Bell Telephone Systemt indicate that 
the suppressed harmonics for rectifiers of more than six 
phases are approximately one-fifth the six-phase values. 
Thus, a 12-phase rectifier would be expected to have 5th 
and 7th, 17th and 19th harmonics, etc., of approximately 
one-fifth those found in six-phase rectifiers, but the 11th, 
13th, 23rd harmonics, etc., would correspand to the sum 


(28) 


~ of the harmonics of the two six-phase units Comprising the 


12-phase arrangement. 

The foregoing discussion of a-c harmonics has been 
based on an inductive supply circuit of linear frequency- 
impedance characteristic. When this condition is satisfied 
the theoretical method of estimating the harmonics in the 
a-c supply circuit gives very good results. In case the 


*The phase relation of the harmonics with respect to the funda- 
mental change for the different rectifier connections of the same num- 
ber of secondary phases. 

tEngineering Report No. 22 or Reference 4. 


used for inverters with angles of advance firing corresponding 
to angle of grid delay with rectifiers. Based on Evans and 
Muller", 


Ipm—Primary current of the mth harmonic. 

I—Direct current for each rectifier phase group. 

R—Ratio of primary to secondary voltages—both line-to-neutral. 
For connections with interphase units use curve directly for 6-phase 
double-wye, multiply ordinate by 1.932 for 12-phase quadruple-wye- 
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Fig. 26—D-c internal harmonic voltages of a rectifier with grid 
control supplying a load circuit of infinite inductance. Curves 
are plotted for each harmonic frequency as a function of the 


0.20 


Coordination of Power and Communication Systems 769 


supply-circuit frequency-impedance curve is not linear, 
the approximation may be used of computing the magni- 
tude of the harmonics on the basis of fictitious reactances 
equal to the actual reactance at the harmonic frequency 
divided by the order of the harmonic. 

The harmonic voltages in the supply can be computed 
from the harmonic currents and the impedances of the 
supply circuit at harmonic frequencies. The impedance of 
machines at harmonic frequencies can be considered equal 
to the negative-sequence impedance of the machines mul- 
tiplied by the order of the harmonic and by a factor less 
than one. This factor varies from one at 60 cycles to per- 
haps 0.8 at 1000 cycles. 

The order of the harmonics in the d-c circuit is shown 
in Table 5. The harmonics in the d-c output voltage wave 
are similarly obtained by the Fourier method from the 
d-c voltage waves of Fig. 23. Results of this analysis'* 
are given in Fig. 26 which gives the 6th, 12th, 18th, and 
24th harmonics as percent of the d-c output voltages under 
load. The harmonic current flowing in the d-c circuit can 
be estimated from the magnitude of the harmonic voltages 
obtained from Fig. 26, taking into account the harmonic 
impedance of the load circuit and the internal inductance 
of the rectifier transformer, estimated from 


95\/60\/ Eac\? .... F 
Ling= (2) (2) (=) millihenries 


The distortion of the current wave shape in the a-c cir- 
cuit is greater (1) with low-reactance supply systems than 
with high-reactance systems, (2) with grid control than 
with non-grid control, and (3) with few rectifier phases 
than with a large number. Harmonics in the d-c output 
increase with load and generally with the reactance of the 
supply system and decrease as the number of rectifier 
phases increases. The overall influence characteristic or 
T.I.F. values decrease approximately one-half when using 
a 12-phase rectifier in place of a six-phase. 

With a large number of anodes it is possible to use a 
large number of rectifier phases, the maximum being equal 
to the number of anodes. Ordinarily rectifiers are ar- 
ranged in double three-phase groups giving the equivalent 
of a six-phase rectifier. Two such sets with anode voltages- 
to-neutral displaced 30 electrical degrees give the equiva- 
lent of a 12-phase rectifier. Similarly, a 24-phase rectifier 
can be obtained by using four six-phase groups displaced 
15 degrees. In some large rectifier installations for electro- 
chemical purposes a large number of anodes are required. 
Thus, 30, 60, and even as high as 72 phases are readily 
possible and have been built. With all rectifiers in opera- 
tion good current and voltage wave shapes are obtained. 
However, consideration must be given to operation with a 
single six-phase unit or a string of six-phase units out of 
service.. Under such conditions the harmonics in the sup- 
ply system for all rectifiers will correspond to the vector 
sum of those for the total balanced load and the negative 
ofthose for the six-phase unit taken out of service. Thus, 
if five units are in operation to form,a 30-phase rectifier, 


(29) 


ratio of [X/E, with a family of curves for five different ratios 
of voltage reduction by grid control—based on Stebbins and 
Frick". 
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the disconnection of one six-phase unit will produce har- 
monics which correspond approximately to one-fifth of the 
total load supplied by a six-phase rectifier and in addition 
those that correspond to the total load supplied by a 30- 
phase rectifier. The resultant harmonic conditions are 
approximately the same as those produced by somewhat 
more than one-fifth of the total load supplied by a six- 
phase rectifier. 

When a rectifier or inverter is installed and connected 
to a-e or d-e circuits, which now or in the future may be 
involved in an inductive exposure, the coordination as- 
pects of the problem should receive consideration. The 
influence characteristics of a rectifier or inverter are defi- 
nite for a particular power-supply system if the rectifier 
load, number of rectifier phases, and amount of voltage 
control are specified. The foregoing indicates the benefits 
obtainable from a larger number of rectifier phases or by 
limiting the amount of grid control. A combination of 
voltage control with tap changers will produce lower in- 
fluence factors than one that uses voltage reduction by 
grid control. Substantial reduction in the harmonics 
caused by rectifiers of a definite number of phases can be 
accomplished only with auxiliary equipment, which en- 
tails additional cost. Other methods of coordination ap- 
plicable to the power or communication system may afford 
a more economical solution. The procedure to be followed 
when an inductive exposure is possible is outlined in the 
following excerpt from the recommendations of the Elec- 
trical Equipment Committee of the Edison Electric In- 
stitute). 


“In any particular situation consideration should be given 
by the prospective purchaser to the coordinative measures that 
may be applied in both power and telephone systems, in accord- 
ance with the ‘Principles and Practices for the Inductive Co- 
ordination of Supply and Signal Systems’ '@, taking into account 
possible future, as well as initial, conditions. 

“Tt will generally be found advisable to install a rectifier 
without specific coordinative measures and then observe con- 
ditions, particularly where it is impracticable to make sufficiently 
accurate estimates of the effect of the rectifier in advance of 
installation. Experience to date indicates that specific coordina- 
tive measures will not be necessary in the majority of cases, 
particularly if care is given to advance planning of the method 
of feeding the rectifier. In special cases where there are indica- 
tions that paralleling communication circuits may be seriously 
affected, some provisions should be made beforehand for tem- 
porary arrangements to take care of the period during which final 
coordinative measures are being determined and installed. 

“When preliminary review indicates that consideration of 
selective devices in the power system may be necessary after 
the rectifier has been installed, preliminary cost estimates of 
these devices* should be obtained from the manufacturer before 
the purchase of the rectifier equipment so that they may be avail- 
able in studies relating to the cost of the complete installation. 

“It is to be understood that these suggested values may not 
eliminate the possibility of interference in every case but on the 
basis of past experience they are believed to be adequate for 
most of the cases likely to occur. 

“Tf the rectifier gives rise to a noise-interference problem after 
installation, 2 joint cooperative study should be made in the 


*Characteristics of selective devices that may be assumed for the 
purpose of this preliminary estimate when the supply frequency is 
60 cycles are given in the paragraphs on filtering equipment. 
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field by the parties affected to determine the best engineering 
solution. If this solution necessitates the installation of a selec. 
tive device, its design characteristics should be based upon the 
actual requirements rather than upon the values of reduction 
factors employed in the preliminary estimate previously men. 
tioned.” 


Lighting Circuits—Ordinarily lighting circuits of the 
constant-potential type are not a factor in coordination 
problems. However, they may arise with series circuits of 
the non-adjacent return type or with lamps of arc-discharge 
type or with auxiliary transformers that become saturated. 

Current transformers supplying incandescent or other 
lamps on series-lighting circuits saturate if the secondary 
becomes open circuited, as in the event of filament failure. 
The current wave of the primary circuit remains sinu- 
soidal but the voltage wave becomes distorted on the load 
side of a constant-current regulator, but usually not on 
the supply side of the circuit. The inductive effects in ad- 
jacent communication circuits may become important if 
the lighting-circuit return is across the street or in the next 
block. If only part of the lighting circuit is involved in an 
inductive exposure, isolating transformers between the 
parts can be used to minimize the magnitude of induction 
in the exposure. The most practical solution, however, is 
to provide a film cutout for connection across the current- 
transformer secondary. The most successful form of cut- 
out is the disc with a powder which, upon application of 
high potential, fuses to form a metallic bead that effective- 
ly short circuits the current transformer and lamp, thus 
avoiding the conditions which produce saturation in the 
transformer. 

On series circuits, lamps of the are-discharge type, in- 
cluding the a-c are and the sodium-vapor forms, are sources 
of voltage distortion. Ordinarily these circuits are sup- 
plied through constant-current regulators which, because 
of their high reactance, greatly minimize the distortion of 
the current wave and of the voltage wave on the supply 
side of the regulator. The inductive influence of the 
lighting circuit increases with the number of lamps con- 
nected in the circuit. The KV-T factor for a 30-volt, 6.6- 
ampere lamp is approximately 16 per lamp. There is a 
slight decrease in the AV-T factor per lamp when a large 
number of lamps are connected in series which apparently 
results from partial cancellation of the harmonics as 4 
result of the difference in phase at the individual lamps. 
Since current distortion is negligible, only electric induc- 
tion need be considered in coordination work. No problem 
will exist if either circuit is located in cable with sheath 
grounded. 

The influence characteristics of a series circuit depend 
upon the balanced and the residual components of har- 
monic voltages at various points along the circuit. The 
metallic-circuit KV -T factor increases with the number of 
lamps in the circuit irrespective of whether they are con- 
nected in one side of the circuit or in both. The wire-to- 
ground and residual KV-T7 factors are affected by the 
manner of connecting the lamps in the circuit, that 1s, 
whether in one side of the circuit or alternately in both 
sides as shown in Fig. 27 for an ungrounded circuit. In 
this figure the wire-to-ground and residual KV-T factors 
are shown on the basis of equal capacitances to ground 
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Fig. 27—Distribution of KV-T factors along series lighting 
circuits. 


(a) All lamps on same side of circuit. 
(b) Adjacent lamps on opposite sides of the circuit. 


and equal leakages from the two wires of the circuit, and 
the lamps being uniformly distributed throughout the 
length of the circuit. If adjacent lamps are alternately 
connected in the two sides of the circuit, the residual 
KV-T factor is zero. If the lighting circuit is accidentally 
grounded, the maximum residual KV-T factor will occur 
when the lamps are located in one side only. 

The influence of a series-lighting circuit (assumed un- 
grounded) is a minimum when the two wires of the circuit 
are kept close together and when adjacent lamps are con- 
nected in opposite sides of the circuit. These conditions 
insure that transpositions in telephone circuits can be 
made relatively effective. For reasonably uniform ex- 
posures at highway separation between open-wire tele- 
phone toll circuits and a series lighting circuit on the 
highway, the noise-induction conditions will not be im- 
portant!* if (a) the telephone lIcad is transposed according 
to the exposed-line transposition system, or other systems 
having equal or greater frequency of transposition, and 
(b) the lighting circuit is not grounded (or is grounded at a 
balanced point only), the two wires of the circuit occupy 
adjacent pin positions, and adjacent lamps are connected 
in opposite sides of the circuit. Noise-induction problems 
are negligible in situations where only a small number of 
sodium-vapor lamps are used, for example, at highway in- 
tersections. 

Fluorescent lamps have wave-shape characteristics sim- 
ilar to those of sodium-vapor or other are-discharge lamps. 
However, fluorescent lamps are used on constant-potential 
circuits and are, therefore, less likely than lamps on series 
circuits to be involved in coordination problems. In large 
installations, fluorescent lamps are distributed among the 
different phases. The phase position at the lamps will 
vary, with the result that important reductions in har- 
monics are obtained. Another favorable factor in the 
application of fluorescent lamps is that they are rarely 
used in large numbers, except where power-supply or tele- 
phone circuits are located in cables, which can provide 
considerable shielding action against magnetic induction. 
The current T.I.F.’s of typical fluorescent lamps vary 
from 30 to 60. Fluorescent lamps are frequently installed 
with individual shunt capacitors for power-factor correc- 
tion. Frequently also fluorescent lamps are installed in 
pairs with reactor-capacitor phase-splitting arrangements 
to avoid a zero illumination point. When shunt capacitors 
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are used with fluorescent lamps they may tend to amplify 
harmonics appearing in the supply circuit, and under some 
conditions the effect of capacitors at the lamp will be of 
greater importance than the arc-discharge characteristic 
of the lamp itself. The use of shunt capacitors at the lamp 
location presents essentially the same problem as that 
which occurs with other capacitors on distribution circuits. 

Wave-Shape Characteristics of Systems—The har- 
monic voltages and currents of a particular system can be 
calculated from wave-shape characteristics of the rotating 
machines, transformers and rectifiers, and the harmonic- 
frequency impedances of the connected circuit. The char- 
acteristics of the harmonic sources in a-c apparatus and in 
the d-c circuits of rectifiers have been given in the preced- 
ing sections in terms of internal harmonic voltages and in- 
ternal inductances. For the a-c circuits of rectifiers a 
method of estimating the harmonic currents and voltages 
has also been described. In calculating the harmonic- 
frequency impedance characteristics of a system, the 
principal problem is the representation of circuit elements 


i 


Fig. 28—Equivalent 7 network for long line with distributed 
constants. See Eqs. (30) and (31). 


with distributed constants. This representation can be 
made in an approximate way with the equivalent 7 net- 
work of Fig. 28. In this equivalent network resistances are 
neglected and the series- and shunt-impedance branches 
are: 

né@ 


Zy= +ghlX, — ohms 


XO 


(30) 


Z(=-j ohms 


(31) 
Al tan 3 
where /—length in miles 
X,—series inductive reactance in ohms per mile at 60 


cycles 
X,—shunt capacitive reactance in ohms per mile at 
60 cycles 
h—order of harmonic frequency using 60 cycles as 
base 


6-——angle of the line calculated from 


xX 
ee 
X radians 


c 


(32) 


With the equivalent + networks for lines and with the 
inductance and capacitance characteristics of apparatus, 
an equivalent circuit of the system for each harmonic 
frequency can be made. This equivalent circuit can be 
solved by the aid of network-transformation and reduction 
methods described in Chap. 4 in connection with the solu- 
tion of fundamental-frequency problems. 


For many purposes it is convenient to have tables of 
typical power-system harmonic voltages, harmonic cur- 
rents, /-T factors (product of rms current and current 
T.I.F.), AV-T factors (product of rms voltage in kv and 
voltage T.I.F.) and in addition tables of machine no-load 
voltage T.LF., both balanced and residual. Such Tables, 


TABLE 6—NON-TRIPLE HARMONIC PHASE-TO-PHASE VOLTAGES 


Circuit In Percent at Various Frequencies No. 
Ttem | Voltage of 
Kv 


300 | 420 | 660 | 780 |1020) 1140; 1380| 1500117011860} Tests 


1 2.3 Ave. |1.33} .33).13 ] .07].04 |.03 |.08 | .08] .05] .03| 231 
Max. |5.90)1.7 |.72 | .97).33 |.19 |.67 | .59] .38] .26 


4* Ave. | .98] .25].10 | .06].05 |.04 |.05 | .07] .05 | .03 | 383 
ome Max. 14.6 {1.4 |.95 | .30/.50 |.81 |.60 |1.7 | 28} .27 


3 11-13.8] Ave. }1.0 | .29].12 | .09/.05 |.04 |.06 | .07]....4....| 87 
Max. j2.7 | .71/.69 | .60).26 |.56 |.47 | .25}....).... 


to 


4 10-44 Ave. [1.2 | .44].09 | .04}.04 |.03 |.06 | .06].... wi shad 
Max. |4.1 /1.16/.42 | .14).29 |.20 }.22 | .43]...0./.... 

5 60-69 Ave. 1.1 | .35).13 | .17/.04 |.03 |.03 | .03)....]....]) 35 
Max. j3.2 | .97].65 [1.0 |.23 |.18 |.15 | .11[.. a 

6 88-132*| Ave. |2.07]} .31].076}.021].005}.005).013].018]....].... 7 
Max, [3.8 | .73/.18 | .05).008/.006/.06 |.060]....].... 


*Harmonics of phase-to-neutral voltage, 
Grounded 4-wire distribution supplied by delta/star-grounded transformers. 


TABLE 7—NON-TRIPLE HARMONIC PHASE CURRENTS 


Cirenit In Percent at Various Frequencies No. 
Item Voltage of 
Kv 300 } 420 | 660 | 780 | 1020/1140] 1380]1500| 1740/1860 Tests 
1 2.3 Ave. |1.65} .47/ .11] .06{ .05| .04] .11) .12] .05] .04] 243 
Max, ]82 14.7 |1.3 |2.3 | .96/1.6 |14 j13 13.9 15.3 
2 4 Ave. |1.18) .32} .09) .05] .04] .03] .04! .05} .02] .01] 396 
Max. |8.2 |7.5 11.2 11.3 | .63/1.4 |1.1 11.6 | .20] .16 


3 11-13.8/ Ave. 1.8 |} .51] .24! .16] .09] .05] .09] .O8!....}....] 157 
-1 (6. A l24 | 252148 12.5 40 be. ss 


4 19-44 Ave. [4.1 j1.2 | .35) .18] .10) .07) .22) .17]....]....] 77 
Max. [16 [5.8 |2.4 | .80] .53) .57/3.1 [1.6 [....1.... 

5 60-69 Ave. |3.9 |1.3 | .35] .20] .09] .07/ .09] .o9]....]....] 81 
Max. |45  |9.5 [5.1 {1.7 | .94] .49] .79] .82]....J. 0... 


» 18.5 [T. -77| .20) .03]) 03] . ae te tetas 
Max. /15 {6.1 |9.0 [1.5 ] .13] .16] .42) .24 


TABLE 8— RESIDUAL HARMONIC CURRENTS 
eee 


Circuit Amperes at Various Frequencies No. 
Item Ky of 
180 | 300 | 420 | 540 | 900 | 1260 | 1620 | Tests 

1 4.0 Ave. 4.78 .22 - 06 -10 {| .01 -005 | .008 | 266 
Max, | 20 2.0 .60 1.3 -61 .89 .89 

2* 11-13.8) Ave. 54 .05 -02 -05 | .04 .03 .06 48 
Max. | 4.7 oad .09 .26 1t .39 47 

3**) 11-13.8] Ave. 6.96 .08 -06 .22 | .02 .02 .10 15 
Max. | 25 245 15 1.17 | .07 .09 -85 

4 19-44 Ave. -48 .06 -08 -03 } .001 | .... | .008 13 
Max. | 2.1 24 -83 -07 | .OL .07 

5 60-69 Ave. -66 .06 -03 -O4 | .004 | .001 | .003 43 
Max. | 2.2 .65 -22 12 | .04 O14 | .05 

6 80-132 | Ave. 89 Al -08 -04 | .006 | .001 | .003 18 

Max. | 3.0 41 “51 -15 | .032 | .006 | .016 


*Systems ungrounded or multi-grounded through transformers only. 
**Multi-grounded with at least one ground through a machine neutral. 


6, 7, 8, 9 and 10, have been condensed from the report, 
“System Wave-Shape Survey,” the tests for which were 
conducted from 1927 to 1929 by the National Electric 
Light Association and Bell Telephone System*. The wave- 


*Engineering Report No. 15 of reference 4, 
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TABLE 9—SUMMARY OF PowER-CiRcUIT INFLUENCE Factors 
‘l-T AND KV-T Propucts 
BASED ON 1919 FREQUENCY WEIGHTING 


_——— OO 
I-T Product KYV-T Product 
Power (Amperes X (Kilovolts line-to- 
Circuit Current TIF) line X Voltage TIF) 
Voltage Magnetic Electric 
Range Induction Induction 
(Kilovolts) 
Average | Maximum | Average Maximum 
2.3- 4] 1,500 | 23,000 60 400 
Balanced | 11 - 14 | 2,100 12,000 300 1,400 
Com- 19 - 44} 1,600 | 16,000 700 2,000 
ponents 60 - 69 1,400 6,000 1,200 3,500 
88 -1382 1,400 2,300 1,700 2,300 
2.3- 4 | 0-500 1,100* |No Data 
Residual 11 — 14 |10-2700**/400-4800**|No Data 
Com- 19 — 44 15-30 100 
ponents 60 ~— 69 |60-800 100-1000 ++ 50-400 
88 -132 No Data 


eee 
*Largest average value—absolute maximum not determined. 
**U pper values were obtained on systems fed by direct-connected generators with 


grounded neutrals; but note that these conditions alone do not always give high 
values. 


+-+Not enough cases to average. 
Taken from Eng. Report No. 16 of reference 4. 


TABLE 10—NO-LOAD VOLTAGE TIF CHARACTERISTICS 
OF MACHINES 
Se eee 


Balanced TIF Residual Component 
(L-L) TIF* 
Ave. | Max. |No. of; Ave. | Max. |No. of 
Tests Tests 
Synchronous 
Generators 
Steam.—Kva 
1 000-— 2 500 39 105 169 st Ss 
2 501-15 000 18 98 158 15 99 21 
15 001-Up 15 | 110 | 163 | 15 | 66 | 36 
Hydro.—Kva 
O- 999 72 190 116 
1000- 2500 58 | 323 | 110 7 
2 501-15 000 57 590 120 7 13 6 
15 001-Up 17 59 25 17 20 4 
D-C Generators 
M.G. Sets 109 480 26 
Synchronous 
Converters 25 103 33 


*Except 2/3 pitch machines. 


shape conditions on a particular coordination problem 
should be compared with the maximum as well as average 
values from Tables 6 to 10. 

Filters for Power Systems—When harmonics on & 
power system require reduction, consideration may be 
given to filtering equipment. Filters have important 
effects on particular harmonic-frequency voltage and cur- 
rent distributions but have little effect on 60-cycle voltages 
and currents. Filters consist of reactors, capacitors, or & 
combination of these in units which may or may not be 
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Fig. 29—Frequency-impedance characteristics of filters for 
several different values of the filter-constant Q. 


1000 100 


(a) Resonant shunt. 
(b) Wave trap. 


tuned. Tuned filters are of two types, as illustrated in 
Fig. 29, namely: 


1. Resonant shunts—reactor and capacitor connected 
in series, the combination being in shunt with the 
circuit. 

2. Wave traps—reactor and capacitor connected in 
parallel, the combination being in series with the 
circuit. 


The principal characteristics of a resonant shunt or wave 
trap are the tuned frequency, the tuned impedance, and 
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the filter constant Q. The constant Q is the ratio of the 
effective harmonic-frequency reactance of the reactor or 
capacitor element to the effective harmonic-frequency 
resistance of the combination, both quantities being at 
the tuned frequency. The value of Q is normally about 30 
but lower values are usually obtained unless special pre- 
cautions are taken to minimize high-frequency losses. For 
filters of given tuned-frequency impedance the one with 
the higher value of Q will require smaller harmonic react- 
ance and frequently smaller volt-ampere capacity. How- 
ever, a filter of higher Q requires more accurate tuning and 
is less effective for adjacent harmonic frequencies or for 
variation in the fundamental frequency of the supply. 
Thus, for two filters of the same tuned-frequency imped- 
ance and the same costs, the one with lower value of Q is 
usually more desirable. 

Tuning of a filter is normally obtained with taps on 
either the reactor or capacitor element so as to get within 
14 percent of the desired natural frequency of the com- 
bination. Filters with many capacitors are tuned by select- 
ing the appropriate combination of capacitor units and 
taps; filters with few capacitors are tuned by adjusting 
the reactors, using coarse taps and in addition, either fine 
taps or taps on a suitable auxiliary unit. Filters built in 
the field are usually tuned by unwinding turns on the 
reactor until the desired reactance is obtained. Tuning is 
most conveniently checked by means of a harmonic ana- 
lyzer, which measures the ratio of the voltage and current 
at the desired harmonic frequency. 

The more common applications for filters, resonant 
shunts, and wave traps are: 


1. Machine-neutral wave trap, or blocking filter. 
2. Machine resonant shunt, or by-passing shunt filter. 
3. Line shunt filters for modifying resonant charac- 
teristic. 
4. Rectifier filters which include 
a. A-c filters 
b. D-c filters 


Machine-neutral wave traps are used when it is desired to 
reduce the triple-harmonic currents or voltages impressed 
on a distribution circuit by a synchronous machine con- 
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Fig. 30—Synchronous-machine neutral wave trap for sup- | 
pressing triple-frequency currents f; and f,—schematic dia- 
gram. 
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nected directly or through star-star transformers. Neutral 
wave traps consist of one or more units in series betiveen 
the machine neutral and ground as shown schematically 
in Fig. 30. In applying a nentral filter, consideration 
should be given to the following: 


1. Suitable tuned-frequency impedance and accurate 
tuning for each wave trap. 

2. Wave trap should withstand fundamental-frequency 
voltages and currents resulting from single and 
double line-to-ground faults. 

3. The filter should not amplify unduly the currents 
and voltages for other harmonic frequencies. 


The tuned-frequency impedance of each wave trap should 
be selected to give in combination with the impedance of 
the machine and external circuit the required reduction 
in that particular triple-harmonie frequency voltage and 
current. Neutral resistors are sometimes inserted in the 
circuit between machine neutral and wave trap to reduce 
fundamental-frequeney voltages and currents impressed 
on the wave trap. In particular cases, blocking filters in 
the three phases may be preferred to a neutral filter of 
high fundamental-frequency inductance for the reasons 
brought out in the discussion on system transients and 
grounding in Chaps. 14 and 19. To insure that a filter 
will not unduly amplify currents and voltages for other 
harmonic frequencies, it is necessary to know (a) the 
frequency-impedance characteristic of the distribution cir- 
cuit as viewed from the machine location, (b) the machine 
impedance to zero sequence, and (c) the triple-harmonic 
voltages generated in the machine or on the system. By 
plotting for the system and the filter a frequency-imped- 
ance curve for each harmonic it is possible to estimate 
whether the magnitude of a particular frequency will be 
increased. If such a result is obtained, a change in the 
constants of the network elements may be necessary to 
give a different impedance at frequencies other than those 
to be suppressed by the filter. 

Machine shunt filters have been employed to by-pass from 
external circuits the slot-frequency harmonies of machines. 
Since slot frequencies occur in pairs, the shunt filters are 
usually built to take care of two frequencies for the lower 
slot frequencies and a single frequency for the higher slot 
frequencies. Machine shunt filters are similar to rectifier 
shunt filters shown schematically in Fig. 32. The design 
of a filter is usually determined from the internal harmonic 
voltages of the machine and its harmonic reactance because 
the filter usually provides substantially a short circuit for 
these harmonics generated in the machine. The effective 
tuned-frequency resistance is then chosen so that the har- 
monic current flowing through it produces a voltage drop 
that corresponds to the desired reduction in the harmonic 
voltage applied to the connected circuit. The filter reactor 
and capacitor constants become definite as soon as the 
filter-constant Q, the ratio of reactance to resistance at the 
tuned frequency, has been selected. The required value 
of Q is usually increased slightly to allow for the imperfect- 
ness of tuning by taps. In applying shunt filters, it is 
necessary to consider whether the installation provides a 
low-impedance path for harmonics originating elsewhere 
in the system at the same or even different frequencies. 


Coordination of Power and Communication Systems 


Chapter 23 


Tf such a path is provided, harmonic currents may be 
drawn through the intervening cireuit and prevent. the 
desired improvement in the noise-frequency coordination 
problem. Shunt filters can be located remote from the 
machine if harmonic currents flowing through the inter- 
vening path are not disadvantageous from the coordination 
standpoint. Such a location, if permissible, will result in 
smaller volt-ampere capacity in filter parts. 

Line resonant shunts have been used in a few instances 
to prevent amplification of harmonics because of the reso- 
nance of a particular feeder at a frequency appearing in 
the source. The more usual combination is that in which 
the line capacitance resonates with the inductance of the 
source. The installation of a line shunt filter may change 
the resonant point and greatly simplify the coordination 
problem. Line shunts are sometimes provided with a re- 
sistor in parallel with the reactor. This combination is 
equivalent to a reactor and capacitance in series with a 
resistance, the value of which is low for low frequencies 
and high for high frequencies. Thus, the combination not 
only provides a low-impedance path for the selected fre- 
quency but because of the high resistance prevents ampli- 
fication of the harmonics at the higher frequencies. 

Rectifier a-c shunt fillers are sometimes used to prevent 
the operation of the rectifier from increasing the harmonics 
in the a-c supply system. A-c filters are of two types, the 
non-tuned filter shown schematically in Fig. 31 and the 
tuned-frequency filter shown schematically in Fig. 32. The 
non-tuned filter consists of a reactor in series with the 
supply, and a shunt capacitor for each phase. Usually the 
addition of the reactor is objectionable from the regulation 
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Fig. 31—Non-tuned a-c filter for use with small rectifiers— 
schematic diagram. 
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Fig. 32—Four-frequency tuned a-c shunt filter for use with 
large power rectifiers—schematic diagram. 
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standpoint for all but small rectifiers or installations suc! 
as certain tvpes of broadcasting stations where induction 
regulators are commonly used. The combination of series 
reactor and shunt capacitor is usually proportioned so that 
the natural frequency is less than the lowest frequency 
produced by the rectifier, that is, lower than 300 cycles. 
In determining the effectiveness of the non-tuned filter, it 
is necessary to estimate the harmonic voltage impressed 
on the supply circuit for all of the important rectifier 
harmonics using the methods previously discussed in 
connection with rectifiers. 

For most power applications the only permissible type 
of a-e filter consists of tuned shunts as illustrated in Fig. 32 
for four frequencies. Shunt filters usually consist of four 
to seven elements, proportioned to accomplish different 
reductions in the harmonie voltages impressed on the 
supply circuit by the operation of the rectifier. In general, 
a filter design should be worked out only after full infor- 
mation is available as to the harmonics and frequency- 
impedance charactcristics of the power source as viewed 
from the filter location. Usually this information is obtain- 
able only after a rectifier is installed. If preliminary study 
of a rectifier installation indicates that a coordination 
problem is likely to be encountered and that an a-c filter 
in the power circuit is likely to be a remedial measure that 
should receive consideration, an estimate of the filter cost 
should be obtained from the manufacturer before the pur- 
chase of the rectifier equipment so that it will be available in 
studies relating to the cost of the complete installation. 
The Electrical Equipment Committee of the Edison Elec- 
tric Institute in its “Report on Rectifier Wave Shape’ 
recommends for the purpose of such a preliminary esti- 
mate, when the supply frequency is 60 cycles, that the 
characteristics of the filtering equipment be taken as 
follows: 


VOLTAGE 


CURRENT 


AC. RESONANT SHUNTS DISCONNECTED 
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rig. 33—The a-c line-current and voltage wave shapes of a six- 
phase rectifier without and with an a-c shunt filter. 
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Fig. 34—Six-element a-c shunt filter for power rectifier. The 
shunts for each phase are arranged in horizontal rows and for 
each frequency in vertical rows. 


“A-c Side. For either a 6-phase or 12-phase rectifier a device 
to limit the total contribution to the voltage T.I.F. to 20 for 
the combined effects of the frequencies corresponding to the 
11th, 13th, 17th and 19th harmonics.” 


Rectifier filters can accomplish a very marked improve- 
ment in the voltage and current wave shapes of the supply 
circuit as illustrated in Fig. 33 by the redrawn oscillogram 
of the actual test results obtained on the first tuned-shunt 
filter ever built'*. The general appearance of a shunt filter 
is illustrated in Fig. 34 for a six-frequency 4000-volt unit. 
Shunt filters are inherently relatively expensive and should 
not be considered as a normal part of a rectifier. In any 
particular case, consideration should also be given to 
alternative methods, such as: 


1. The use of the largest number of phases consistent 
with the number of anodes required. 

2. Rearrangement of power supply or location of feeders 
so as to avoid exposure. 

3. A combination of other methods in the power or 
communication circuit in the same manner as used 
for other coordination problems. 


D-c filters for rectifiers are much less expensive and 
complicated than a-c filters. The application of d-c filters 
is usually restricted to rectifiers which supply propulsion 
circuits with one side grounded. Normally d-e filters con- 
sist of a series reactor and three tuned-shunt elements as 
illustrated in Fig. 35. This combination operates to reduce 
the d-c harmonic voltages impressed on the external circuit 
by consuming them in voltage drop in the rectifier and 
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Fig. 35—Schematic diagram of a typical d-c filter for a rectifier. 


transformer*, and in the series reactor. The reactor in the 
d-c circuit usually is of the iron-core type with air gap, 
mounted in a tank and frequently arranged for outdoor 
installation. The shunt elements should be so located and 
installed as to have very short leads, the length of which 
must be measured between the points through which all 
the direct current flows. If the filter leads are of consider- 
able length they will reduce its effectiveness and upset 
tuning. The characteristics of d-c filtering equipment have 
been pretty well standardized and the recommendations 
in the E.E.I. Report on Rectifier Wave Shape! for pre- 
liminary estimating purposes, when the supply frequency 
is 60 cycles, are as follows: 

“D-c Side. For a 6-phase rectifier a device to give a 10 to 1 

reduction of the 6th, 12th and 18th harmonic voltages. For 
a 12-phase rectifier a device to give a 5 to 1 reduction of the 
6th and 18th harmonics and a 10 to 1 reduction of the 12th 
harmonic voltage.” 
The foregoing reductions are based on calculated values 
assuming a load circuit of infinite inductance. These 
recommendations give considerable attention to the 360- 
cycle component on the basis of the presence of lower- 
impedance party line ringing equipment on telephone cir- 
cuits. Where this type of ringing equipment is not used, 
it may be permissible to apply a simpler filter consisting 
of a large series reactor and a single shunt tuned for a 
frequency of approximately 1000 cycles. For higher d-c 
voltage systems and close exposures it may be desirable to 
provide an element for the 24th harmonic frequency. 


12. Coupling Factors for Noise-Frequency 
Induction 


The coupling factors for electric and magnetic induction 
at noise frequencies may be computed with a slight modi- 
fication of the methods given in the section on low-fre- 
quency coupling. The electric coupling factors can be used 
directly both for metallic circuits and for those involving 
ground return. The magnetic coupling factors are pro- 
portional to frequency but for ground-return circuits it is 
necessary to introduce a different equivalent depth of 
return current, which can be calculated with the aid of 
Eq. (5). In telephone-noise calculations the coupling fac- 
tors are based on a 400-foot equivalent depth of earth- 
return current. Some approximate coupling factors are 
given in Sec. 14, Calculation of Noise on Telephone 
Circuits. 

Relative Location of Circuits—Frequently, by ex- 
change of notice of intention to construct new facilities 

*See Eq. (29). 
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and by cooperative advance planning, it is possible to 
avoid coordination problems that otherwise would arise. 
Close irregular parallels, as in overbuilt construction, are 
particularly to be avoided as this greatly decreases the 
effectiveness of transpositions. Where parallels have been 
created without consideration from the standpoint of 
advance planning, relocation often provides the best 
remedial measure. 

Transpositions{—Probably the most important meth- 
od for reducing noise-frequency inductive effects is ob- 
tained by transpositions, particularly transpositions in 
telephone circuits. A telephone circuit is said to be trans- 
posed when the two sides of the circuit reverse their re- 
spective positions at suitable intervals throughout its 
length. Transpositions are applicable principally to uni- 
form exposures, and their effectiveness is greatly reduced 
when the separation is not uniform and when transposi- 
tions are not located at theoretically correct points. 
Transpositions are required in telephone circuits to avoid 
crosstalk and they are also effective in reducing noise- 
frequency induction from power circuits. The different 
functions of transpositions within an exposure section are 
shown in Table 11. This table shows that there are eight 


TABLE 11— FUNCTIONS OF TRANSPOSITIONS WITHIN EXPOSURES 


Source of Induction 
In Power Circuit 


Direct 
Metallic Induction 


Indirect, 
Metallic Induction 


Balanced Voltages T 


P 
Balanced Currents T P 
Residual Voltages T * 
Residual Currents T * 


T—Telephone-circuit transpositions reduce these components of induction. 

P—Power-circuit transpositions reduce these components of induction. 

*—No effect on these components of induction except as they reduce the re- 
siduals themselves. 


possible sources of noise-frequency induction from a power 
circuit; four of these result from the direct metallic-circuit 
induction caused by the balanced and residual components 
of voltage and of current, and four result from the indirect 
effect of longitudinal-circuit induction acting’ on the un- 
balances of the telephone circuit. Figures 2 and 3 show 
that unequal voltages may be induced in the two sides of a 
telephone circuit as a result of induction from both bal- 
anced and residual components of voltage and current. 
These unequal voltages can be resolved into metallic- and 
longitudinal-circuit components as illustrated in Figs. 4 
and 5. It follows, therefore, that transpositions in the 
telephone circuit will reduce the resultant voltage in the 
metallic circuit. In a similar manner it can be shown that 
transpositions in a power circuit reduce the resultant 
metallic-circuit induction in an untransposed telephone 
circuit. However, in the practical case the telephone cir- 
cuits are transposed frequently and the power-circuits 
infrequently, and the transposition points for the latter are 
usually located at neutral points on the telephone-circuit 
transposition system. Under these conditions power- 
circuit transpositions reduce only the indirect metallic- 
circuit induction resulting from longitudinal voltages act- 
ing on circuit unbalances. Transpositions in the power 
+Reference 16 and Engineering Report No. 36 of Reference 4. 
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circuit will not reduce the metallic-circuit, component of 
induction in the telephone circuit resulting from residual or 
zero-sequence currents in the power circuit, except as they 
reduce the residual quantities themselves. This, of course, 
results from the fact that, by definition, the residual or 
zero-sequence components in the several conductors are of 
identical magnitude and phase and, therefore, their result- 
ant electric and magnetic fields are not affected by power- 
circuit transpositions. Power-circuit transpositions are, 
therefore, used principally in coordination problems with 
ground-return telegraph circuits to reduce residual volt- 
ages and currents of fundamental frequency. For this pur- 
pose it is usually sufficient to use only one “barrel” for 
each section between major discontinuities*. By the term 
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group consisting of two metallic-side circuits and a phan- 
tom circuit superposed on the other two. The middle 
conductors constitute a metallic circuit consisting of the 
pole pair. In Fig. 36 (a) the transpositions are of two 
types, first, those that involve the change in position of 
the two wires in the metallic circuit, and second, the phan- 
tom transpositions that involve change in all the positions 
for the four wires as illustrated in Fig. 36 (c). Newer 
transposition systems have been developed by the Bell 
System to solve special problems created by carrier-fre- 
quency telephone systems. These transposition systems 
are, of course, also effective for audio-frequency circuits. 

Transpositions have been highly developed in the com- 
munication industry because of crosstalk as well as noise- 
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*% INDICATES REGULAR TRANSPOSITION POLES, WHICH RETAIN 
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© INDICATES AN EXISTING 2-WIRE TRANSPOSITION TO BE CUT OUT. 


Fig. 36—Typical Bell System transposition diagram. From Engineering Report No. 36 of Reference 4. 


(a) Wire positions for ‘Exposed Line” system for E section—upper cross-arm only. 
(b) Schematic diagram for ‘‘Whole-Line” transpositions. 
(sc) Types of phantom-circuit transpositions, 


“Darrel” is meant a section of a three-phase power circuit, 
of uniform configuration, so arranged by transpositions 
that each conductor occupies equal sections in the three 
positions. On a long transmission line without inter- 
mediate loads or generating points, or without circuit or 
configuration changes, a barrel may be 50 to 100 miles 
in length. Transpositions are of no value on distribution 
circuits with single-phase branches. 

The Bell Telephone System has developed several effec- 
tive transposition systems and a typical one is shown in 
Fig. 36. In this figure the wire arrangements for the upper 
cross-arm are shown in (2). The upper cross-arm is ar- 
ranged with four wires on each side constituting a phantom 

*Discontinuities are points where an important change takes place 
in the physical or electrical conditions of the circuit, such as load, 
branch circuits, series impedances, configuration, and separation. 


frequency characteristics. A general discussion of trans- 
positions is, of course, beyond the scope of treatment here 
possible. Mention should, however, be made of a few 
coordination problems which involve transpositions. To 
secure full effectiveness of a transposition system in re- 
ducing induction from a particular exposure, it is necessary 
to coordinate the transposition locations with the exposure 
section, This frequently requires rearrangement of the 
transpositions on the communication circuit by installing 
a transposition system that constitutes a balanced section 
for the entire exposure. The normal balanced lengths are 
eight miles for an E section, six and four-tenths miles for 
an N section, and one-half mile for an R section. Neutral 
points of the Exposed-Line System illustrated in Fig. 36 
occur at S poles, one-quarter and one-eighth points. Be- 
cause of the frequent necessity for coordinating existing 
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construction with newly-created parallels, a scheme known 
as “whole-line transpositions’ has been developed, as 
illustrated in Fig. 36 (b). The whole-line transposition 
permits the accurate or approximate balance of the trans- 
position system for the exposure section, but, of course, 
requires additional transpositions. 

In connection with transposition systems, the question 
naturally arises as to the number that should be used. 
While some gain is possible by adding transpositions to 
those normally employed in transposition systems, it is 
important to recognize that the effectiveness of trans- 
position depends on the uniformity of exposure, the ac- 
curacy of location of the transposition points, and the 
coordination of the transposition system with respect to 
the power-circuit exposure. These considerations make a 
definite limit to the number of transpositions that can be 
used effectively. The amount of reduction in metallic- 
circuit noise caused by the addition of transpositions is 
shown in Table 12 taken from the work of the E.E.I. and 


TABLE 12— EFFECTIVENESS OF TELEPHONE TRANSPOSITION 
IN REDUCING METALLIC-CIRCUIT NOISE 


Relative Noise In 


Transpositions Side Circuits of Phantom Group 


Min. Ave Max. 
Coordinated........... 1.2 6. 12. 
Uncoordinated......... 8.8 25 50. 
INONES sees .le ed Mg tase eR ee 50.0 100 190. 


Bell System*. Where a small number of circuits are in- 
volved, as for example in the case of a single power- 
company telephone line, it is possible to obtain a higher 
degree of effectiveness of transposition than indicated in 
the table. However, for transpositions applied to many 
circuits under the usual conditions of installation with 
some variation in separation, it is necessary to assume 
much lower effectiveness. Certain recommendations in 
this connection are given in Sec. 14, Calculation of Noise 
in Telephone Circuits. 


13. Noise-Frequency Susceptiveness Factors 


The principal noise-frequency susceptiveness factors on 
a telephone circuit are power-level and sensitivity, balance, 
and frequency-response characteristics. These vary with 
the type of communication circuit. 

Power Level and Sensitivity—Noise-frequency co- 
ordination problems are always simplified if the ratio of 
induced or noise currents to speech currents are decreased. 
This may be done by decreasing the induced currents by 
control of influence or coupling factors, as discussed in 
previous sections, or by increasing the speech currents by 
increasing transmitter output or by using amplifiers. The 
simplest example of this method of control is the familiar 
practice of raising the speech level into the transmitter so 
as to override the noise on a telephone circuit. Unfor- 
tunately, this simple measure encounters limitations be- 
cause of voice distortion and fatigue that result if an effort 

*Enginecring Report No. 16 of Reference 4. 
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is made to maintain too high an energy level. However 
the same result can be accomplished by improved trans. 
mitters, which in effect provide amplifying action in the 
device itself. Amplifiers can also be used to increase the 
speech level as is done on long-distance toll circuits. How- 
ever, in some cases, amplifiers will increase induced cur- 
rents as well as speech currents. Thus the amplifiers, in 
themselves, are not a remedial measure of value unless 
they provide a lower ratio of noise to speech levels. 
Another factor to be considered is crosstalk since ampli- 
fiers may increase the crosstalk level from adjacent circuits. 
An increase in the energy level to overcome noise on one 
circuit may require corrective measures in many circuits 
because of crosstalk from circuits located on the same pole 
line. From the foregoing discussion it becomes apparent 
that for commercial communication systems, increasing 
the power levels rarely provides a feasible solution for a 
particular exposure. Instead, the most economical trans- 
mitters with the highest practical energy output are em- 
ployed and the applications are made on the basis of the 
overall communication problem including crosstalk and 
noise. 

For power-line communication systems and other igo- 
lated circuits, increased power levels may provide a co- 
ordination measure of value. Thus, audio-frequency am- 
plifiers can be used to increase the voice-current output of 
the transmitter in combination with receivers of decreased 
sensitivity giving the same resultant receiver output. The 
amplifier is a relatively inexpensive remedial measure but 
requires maintenance and a source of energy. Thus, this 
type of remedial measure is more suitable for communica- 
tion systems connecting two principal stations than for 
those that supply circuits with many intermediate taps as, 
for example, a patrol line. In general, more extensive use 
of amplifiers on power-line communication systems for 
reducing noise than is now general practice would be 
advantageous. 

Balance of a Telephone Circuit—The balance of a 
telephone circuit or the symmetry of the two wires of a 
metallic circuit or of the four wires of a phantom circuit 
with respect to each other and to all other wires and to 
ground is a factor of great importance from the standpoint 
of noise when the circuits are located in powerful electric 
or magnetic fields. If the circuits are unbalanced, induced 
currents are produced which cause unequal drops in the 
different wires and thus impress a differential voltage on 
the metallic circuit; the result is noise in connected tele- 
phone receivers. Unequal conductor resistance, particu- 
larly high-resistance joints, may contribute importantly 
to the noise problem. Similarly, unsymmetrical capaci- 
tance coupling with other circuits may also be a factor of 
importance. Ordinarily telephone-circuit transpositions 
insure adequate conductor symmetry so that no special 
attention to this point is required other than maintenance 
to avoid high resistance joints or leaks to ground. 

Another source of unbalance may exist in telephone- 
office or subscriber equipment. Some of these unbalances 
are inherent in standard equipment, particularly of the 
older types. One of the principal sources of unbalance 1S 
produced on party-line systems. One type of set uses 
ringer of about 20,000 ohms impedance at 1000 cycles at 


Chapter 23 


subscriber premises connected between one conductor and 
ground. These ringers offer a relatively low impedance to 
ground, particularly at the frequencies below 300 cycles 
and since the ringers are not located symmetrically on the 
circuit they are sometimes a source of important un- 
balances. Several remedies have been used, one of which 
consists in replacing the lower-impedance ringer by a 
higher-impedance device (about 165,000 ohms at 1000 
cycles). Another measure uses ringing equipment at sub- 
scriber premises that is connected to the circuit by a tube 
only when the circuit is being used for ringing purposes. 
By this means the party-line circuit is not unbalanced 
under talking conditions. In the newer types of sets these 
unbalances are minimized. 

Quite frequently an exposure will involve only a short 
parallel, although the telephone circuit itself is long. Un- 
balances in the telephone circuit outside of the exposure 
section may contribute importantly to the total telephone 
noise. This source of trouble can frequently be avoided by 
installing a repeat coil in the ends of the exposure section, 
thus effectively isolating the two sections of the circuit. 
The addition of the repeat coil, of course, introduces some 
transmission logs and interferes with telegraph use and 
with telephone-circuit testing, and therefore, can be justi- 
fied only in special cases. 

Frequency Response—In modern high-quality voice- 
frequency communication systems it is necessary to pro- 
vide reasonably good response over the frequency range of 
from about 200 to 3500 cycles, the range that also covers 
the principal harmonic frequencies of power systems. The 
older types of receivers produce the effect of resonance in 
the vicinity of 1100 cycles. For this reason the use of 
filters in telephone circuits to block the flow of induced 
current of a particular power-system frequency has often 
been proposed. However, experimental studies by power 
and communication companies have shown that such a 
method of solution is only rarely practical. In the future 
this method should be of still less value because the trend 
in communication circuit equipment is toward more 
uniform response and a wider frequency band. 

On rural telephone lines there are frequently high mag- 
nitudes of low-frequency induction. These situations can 
often be improved by reducing the low-frequency re- 
sponse*, For example, with the commonly-used connec- 
tion for a local battery telephone set, the receiver can be 
shunted by a 60-millihenry coil and a 0.75 mf capacitor 
placed in series with the receiver. Another arrangement 
is to reconnect the set placing the receiver with a l-mf 
capacitor in series across the transmitter side of the in- 
duction coil. Such measures, while impairing the quality 
of voice reproduction, may provide an overall improve- 
ment in the order of 2:1 where the noise is confined to 
low frequencies. 

Carrier-frequency communication systems are rarely 
affected by power-system harmonics because the har- 
monics in the carrier-frequency range are of small magni- 
tude and the effects of the lower harmonics are minimized 
because of frequency separation. 

Type of Circuit—The telephone circuit of maximum 
susceptiveness to induction from a power circuit is the 
ground-return or rural telephone circuit. Practically all 
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such circuits are noisy when operated close to power cir- 
cuits. The metallicizing of such ground-return circuits 
provides the most important measure for minimizing noise- 
frequency problems in such cases. Sometimes it is prac- 
tical to metallicize only the exposure section by installing 
repeat coils between the exposure section and the remain- 
der of the circuit. Separation of the two wires of a metallic 
circuit is, of course, an important factor in the problem. 
Conductors on open-wire telephone circuits are usually 
located 12 inches apart. The reduced spacing of eight 
inches has been found advantageous for carrier-frequency 
circuits. Table 13 shows the relative noise in subscriber 


TABLE 13— RELATIVE NOISE IN SUBSCRIBER CIRCUIT 
EXPOSED TO SINGLE-PHASE COMMON-NEUTRAL POWER CIRCUIT 


Relative Noise* 


It T. f Servi 
em ype of Service One Set | Two Sets 


on Line on Line 


1 Grounded Rural Grounded Rural 


Line, 38B Ringer} 1400-1800 | 1400-1800 
2 Individual Line Individual Line, 

8A Ringer..... 1-10 
3 | Party Line Single-Condenser, 

8A Ringer..... 45-55 40-60 
4 |Party Line Single-Condenser, 

8J Ringer..... 12-25 12-25 
5 | Party Line Split-Condenser, 

8A Ringer..... 12-25 412 
6 Party Line Split-Condenser, 

8J Ringer..... 1-10 1-10 


*Based on Engineering Report No. 6 of Reference 4. 


sets for rural telephone lines, individual lines, and party 
lines with various types of ringing equipment. 

Duplex conductors or telephone-drop leads have been 
found advantageous from the noise standpoint in par- 
ticular situations. The close spacing and twisting of the 
conductors minimize the possibility of unequal voltages 
being induced in the two wires. However, these insulated 
conductors increase transmission loss and are likely to 
develop leakage unbalances as the insulation deteriorates. 
Consequently, duplex or similar conductors are impractical 
as a remedial measure, except for short lengths or for con- 
ductors that are intended for short-time service. 

Cables provide an important factor in the simplification 
of noise-frequency coordination problems, particularly in 
the urban areas where exposures are severe. Cables pro- 
vide the economical form of construction in many densely- 
populated districts. With grounded cable sheaths the 
inductive effects from voltages are negligible. If the cable 
sheath is grounded at both ends through low-impedance 
connections, the noise problem from currents is reduced. 
In cable circuits the principal factor is the indirect metallic- 
circuit noise resulting from cable unbalances and the in- 
duced longitudinal voltages produced by residual currents. 
Usually, however, cables are relatively well transposed 
and balanced so that the important unbalances are those 
caused by central-office cord circuits and by subscriber 
ringing equipment. 
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14. Calculation of Telephone-Circuit Noise* 


The estimation of telephone-circuit noise resulting from 
power-circuit induction is an involved procedure. It is 
possible here only to indicate the general philosophy of 
telephone-noise calculations and to provide simple formu- 
las useful primarily for indicating order of magnitude of 
the noise problem in a typical situation. 

The general procedure in calculating telephone-circuit 
noise is to obtain power-circuit harmonic voltages and 
currents and to resolve these into balanced and residual 
components. Then the harmonic voltages impressed on 
the telephone-circuit conductors are calculated with the 
aid of coupling factors based on the geometry of the cir- 
cuits, and for residual circuits the equivalent depth of 
earth-return current for harmonic frequencies. The volt- 
ages impressed on the telephone-circuit conductors are 
then resolved into metallic- and longitudinal-circuit com- 
ponents. For a balanced but untransposed circuit, the 
noise-frequency currents in the telephone receiver resulting 
from the metallic-circuit components of induced voltages 
are readily calculated. Longitudinal voltages impressed on 
a perfectly balanced circuit cause no current in connected 
telephone receivers. However, when either series or shunt 
unbalances are present, longitudinal induced voltages act- 
ing upon them produce additional nvise-frequency currents 
in the telephone receivers. 

The noise-frequency currents in the telephone receiver, 
which are obtained by the preceding calculations, are then 
converted to noise units with the aid of suitable conversion 
factors. Reference noise has been standardized at 107” 
watts at 1000 cycles, which corresponds to 0.0408 micro- 
amperes on 600-ohm circuits, and to approximately seven 
noise units for noise measured on the linef. 

Telephone circuit noise is frequently expressed in deci- 
bels (db). In the decibel scale the ratio of two voltage- or 
two current-quantities is expressed, 


Ratio in db=20 logis Ratio (33) 


Thus, telephone noise when expressed in db is the ratio 
to reference noise taking reference noise as seven noise 
units. Thus, telephone line noise is 
Noise Units 
7 

A convenient figure to remember is that a change of six 
decibels corresponds to a change of 2:1 in voltage or cur- 
rent ratios. Table 14 gives a list of decibel and current- or 
voltage-gain ratios and corresponding relation to noise 
units. 

The foregoing discussion applies directly for induced 
currents of a single frequency. Where several harmonics 


Noise in db = 20 logio (34) 


*Extensive discussions of telephone-noise calculations are given 
in the Engineering Reports‘ of the Joint Development and Research 
Subcommittee, Edison Electric Institute and Bell Telephone System, 
particularly No. 16 for open-wire toll circuits, No. 17 for open-wire 
subscriber circuits at roadway separation, No. 13 for open-wire 
subscriber circuits in joint-use situations, No. 9 for subscriber cir- 
cuits in cable, and No. 40 for ground-return or rural telephone 
circnits. 

tReference noise based on receiver currents is 14 noise units. 
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TABLE 14—DsB RATIOS— RELATION TO GAIN Ratios 
AND NOISE UNITS 


Tr  , 


lace Approximate 
Db : cae rai Noise Units 
(Based on Line Noise) 
0 1 7 
6 2 14 
10 3.16 22 
15 5.62 40 
20 10.00 70 
25 17.80 125 
30 31.6 220 
35 56.2 400 
40 100. 700 
45 178. 1250 
50 316. 2200 
60 1,000. 7000 
80 10 000. 
100 100 000. 


*Attenuation Ratios are reciprocal of Gain Ratios. 


are present, the resultant noise is estimated by combining 
the individual noises according to the sum of the squares 
of the individual components. However, as a practical 
matter, the harmonics in the power system are replaced by 
an equivalent harmonic that can then be used with suitable 
coupling factors and with telephone-circuit impedances to 
give the equivalent noise-frequency current in the tele- 
phone receiver. This is essentially the inverse of the proc- 
ess discussed in Sec. 10 for the determination of power- 
circuit voltage and current T.I.F.’s. In fact, the T.LF. 
weighting curve can be used with a coupling factor varying 
directly with frequency and equal to unity at 1000 cycles 
to obtain the telephone-receiver weighting curve. When 
transpositions are present, as is usually the case, their 
effect can be estimated by a suitable factor. When there 
are unbalances outside of the exposure section, this cir- 
cumstance must also be taken into account. 

The preceding discussion shows that accurate noise cal- 
culations are complex. Fortunately, an important simpli- 
fication can be obtained by calculating (a) the longitudinal 
noise-frequency voltages and (b) the direct metallic-circuit 
noise. The longitudinal voltages are then used in connec- 
tion with the circuit unbalances to obtain the metallic- 
circuit’ noise caused by unbalances. Empirical factors, 
known as the mctallic-longitudinal ratios (M -L ratios) are 
applied to the longitudinal noise-frequency voltages to 
obtain the metallic-circuit noise. Further simplification 
is obtained by considering only the direct metallic-circuit 
induction component, taking into account at the same 
time the reduction resulting from transpositions. Formulas 
for calculating the direct metallic-circuit noise are given 
below. This is illustrative of other methods and is more 
accurate when the effect of unbalances are relatively un- 
important. This method also gives the best physical pic- 
ture of the problem and is useful in indicating the severity 
of a noise problem. ; 

The basic formulas for the calculation of metallic-circuit 
noiset are: 

tThese formulas and the K factors of Fig. 37 are based on En- 
gineering Reports Nos. 16 and 17 of Reference 4. 
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NMeg_n=Ke_3K (KV -Tp) 
NM rp = Kp_rKA (KV : Tr) 
NM1_9=K1_pKdl-To) (35) 
NMy_p = Ky_rke(T- Tr) 
where NMg_z, NM,_p—metallic-circuit noise caused by 
electric induction from balanced 
or residual voltages—noise units. 
NM,_3, NM1_p—metallic-circuit noise caused by 
magnetic induction from bal- 
anced or residual currents— 
noise units. 

Kr_s, Ke_p—factors* giving ratio of metallic- 
circuit noise on telephone circuit 
to balanced or residual voltage 
on power-circuit in kv. See Fig. 
37. 

Ky-s, K1-p—factorst giving ratio of metallic- 
circuit noise on telephone circuit 
caused by balanced or residual 
current to power-circuit am- 
peres. See Fig. 37. 

K,;—length of exposure in kilo-feet. 
AKV—power-circuit voltage in kilo- 
volts—fundamental frequency. 
Z—power-circuit current in amperes 
—fundamental frequency. 
KV-T:, KV: Tp—-power-circuit voltage in kv from 
line to line multiplied by bal- 
anced voltage T.I.F.; corre- 
sponding KV -T factor for resi- 
dual. 

I-T3, [-Tp—power-circuit current in amperes 
multiplied by balanced or resid- 
ual current T.I.F. 


The K factors of Fig. 37 are based on horizontal distances 
in feet measured between nearest power and telephone 
conductors. In Fig. 37 the K factors for balanced voltages 
are plotted for symmetrical horizontal configuration; cor- 
rection-factor multipliers for several other configurations 
and for different heights of power conductors are given in 
the tabulation included in the figure. 

The noise resulting from several components of induc- 
tion can be combined according to the following formula: 


NM= W(NMp_a)?+ (NMy_p)?+(NM1_3)?+(NMy_p)? 
(36) 

This is an empirical law of combination but represents the 
only practical method for combining the effects, which may 
range from the arithmetic difference to the arithmetic sum 
of the quantities. The effect of reduction in noise resulting 
from transpositions may be estimated from Table 15. 

The formulas of Eq. (35) do not take into account the 
beneficial action from mutual shielding of telephone-circuit 
conductors against electric induction. For this reason the 
values given will be somewhat high for a large number of 
telephone-circuit conductors insofar as the noise from in- 
duced residual voltage is concerned. These formulas do 

*Ky_y and Kg_y are coefficients of electric induction in volts per 
kilovolt, multiplied by a constant of 0.077. 


{Ay and Ky_p are coefficients of magnetic induction in micro- 
henries per kilofoot, multiplied by a constant of 0.08. 
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TABLE 15— TRANSPOSITION REDUCTION FACTORS* 


Subscriber Circuit Toll Circuit Average 


Joint Use Roadway 


Separa- |Side/Phantom Non- 
f . ; Phantom 
Pole Pair} tion 


Coordination 


Non-Pole 
Pair 


Optimum 0.1 0.05 0.05 (0.06) 0.3 0.025 


to to to 
0.2 0.1 0.1 
Nominal Q.2 0.10 0.2 0.25| 0.25 
t to 
0.4 0.2 


*From Engineering Reports Nos. 16 and 17 of Reference 4. 


not take the effects of unbalance into account. These 
effects, which may be estimated from a knowledge of the 
unbalances, may be more important from the noise stand- 
point than the effects of direct metallic-circuit induction. 

For joint-use situations, the constants Kg-p, Kg-r, ete., 
as given in Table 16 should be used. The effect of reduction 
in noise resulting from transpositions may again be 
estimated from Table 15. 

Noise Evaluation—The impairment of telephonic 
transmission produced by a given line noise can be ex- 
pressed in terms of an increase in the transmission loss of 
the circuit, which would cause an impairment of telephone 
service equal to that caused by the noise. With a knowl- 
edge of the costs which are involved in providing circuits 
to meet different standards of transmission, a judgment 
can be made as to the importance of noise in a given 
instance. This method of noise evaluation is used by Bell 
System Engineers*. On toll circuits, line noise of 200 noise 
units (29 db above reference noise) produces negligible 
impairment. Many power-company telephone lines are 
operating under conditions producing more than 800 noise 
units and some considerably in excess of that figure. The 
permissible noise of a particular circuit cannot be stated 
definitely as it depends upon the margin of telephonic- 
transmission loss, the room noise conditions at the ter- 
minals, the nature of the telephone business transacted, 
i.e., whether individual message or written reports, the 
quality of the service to be given and the characteristics 
of the user. 


TABLE 16—VALUES OF Kj_p, Ki_pr, Ke—p AND Kp_p FOR 
OPEN-WIRE JOINT-USE Exposurgest 


Outside Ky-3 and Kir Ke_-s and Kg_-r 
Com- Conductor -- 

ponents | Distances— | Non-Pole | Pole | Non-Pole | Pole 
inches Pair Pair Pair Pair 

Balanced 15 0.077 0.15 0.16 0.36 
30 0.10 0.62 0.22 0.83 

Residual 60-100 0.22 1.40 0.32 1.80 

Any 0.20 0.75 0.42 1.4 


Above values apply to four-foot separation between power crossarm 
and nearest telephone crossarm. For six- and eight-foot separation, 
multiply Ari» and Ky-z2 by 0.6 and 0.45 and Kr-» and Kg-r by 


0.55 and 0.40, respectively. 
{Based on Engineering Report No. 13 of Reference 4. 
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Ku-p— CONFIGURATION CORRECTION-FACTOR MULTIPLIERS. See Configuration Sketches (a) to (g). 


d | (b) Hori- (c) Hori- —— . 
manta | (d) Equi-triangular (e) Vertical (f) Low-triangular 
xX 5’ | 8 | 8 8 | 2.5’ | 5’ 8’ 12" | 16" | 5’ | 8 | 12’ | 16 | 25’ | 5’ gs’ | 12’ | 16’ x 
20’ | 1.13} 1.05] 0.77 | 0.91 | 1.08 | 1.19 | 1.03 1.05 | 1.01 | 1.04 vee | 20° 


60’ | 1.35 | 1.24) 0.74 
100’ | 1.38 | 1.34] 0.68 
1.43 | 1.40! 0.74 
1.50 | 1.46 


0.77 | 0.69 | 0.95 | 0.94 | 0.92 | 1.07 | 0.45 | 0.35 | 0.28 | 0.80] 0.85 | 1.09 | 1.04 | 0.99 | 1.20 | 60’ 
0.76 | 0.72 | 1.01 | 1.10 | 1.15 | 1.21 | 0.70 | 0.58 | 0.53 | 0.55 | 0.68 | 0.92 | 0.96 | 0.97 | 1.14 | 100’ 
0.75 | 1.08 | 1.44 | 1.81 | 2.23 | 2.34 | 1.68] 1.91 | 2.20 | 2.33] 0.38 | 0.66 | 0.93 | 1.23 | 1.75 | 300’ 

1.96 | 2.57 | 3.02 | 4.05 | 2.25 | 3.01 | 3.62} 4.281 .... | 0.49 | 0.82 | 1.32 | 2.09 | 600’ 


Kg—p— CONFIGURATION C.F.M. (Cont’d) Ky—s— HEIGHT CORRECTION-FACTOR MULTIPLIERS. See Configuration Sketch. 


Hy (a) (b) (c) (d) Equi- Vertical (f) Low- (g) High- | H 
Horizontal triangular (e) Vertica triangular triangular 


(gz) High-triangular 


xX 5’ 8’ 12’ 16’ xX 25’ 50° 25’ | - 50’ 25/ 50’ 25’ 50’ 25’ 50’ Xx 
20’) 1.40 | 184] 0... J ou. | oo. 20’| 1.55 | 0.21 | 1.20 | 0.67 | 0.80 | 0.75 | 1.48 | 0.21 | 1.20 | 0.67 | 20’ 
60’ | 0.84 | 0.99 | 1.00 | 1.11 | 1.36 60’ | 1.00 | 0.85 | 1.14 | 0.87 | 1.25 | 1.25 | 0.92 | 1.00 | 1.14 | 0.87 | 60’ 

100’ | 0.90 | 1.18 | 1.23 | 1.25 | 1.24 100’} 0.90 | 1.06 | 1.15 | 0.93 | 1.50 | 0.72 | 0.88 | 1.20 | 1.15 | 0.93 | 100’ 


1.66 | 2.18 ; 2.60 | 2.85 
3.07 | 3.85 | 4.06 


300’ | 0.85 | 1.384 | 1.00 | 1.00 | 1.00 | 0.95 | 0.95 | 1.10 | 1.00 | 1.00 
600’ | 0.83 | 1.34 1.00 | 1.05 | 1.00 | 1.03 | 1.00 | 1.02 


Fig. 37— Charts for the determination of Kg, Kr, Kn—p and Ky_ factors for use with noise formulas, Equations (35). 
In all cases telephone wires are assumed to be 1 foot apart and 25 feet above ground. 
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APPENDIX 


data collected from numerous sources. These tables have been included be- 

cause they have proved to be of considerable use in dealing with transmission 
line problems, and it was felt that they could be conveniently used by the reader 
in this form. 


r NHIS appendix includes a number of tables of statistical transmission line 


Table 1 gives practices regarding stability features of typical lines as tabula- 
ted in ‘First Report of Power System Stability” by an AIEE Subcommittee on 
Interconnection and Stability Factors (A.J.E.E. Transactions, 1937). 

In addition, statistical data on the output and capacity of some of the larger 
power systems in the United States taken from the Federal Power Commission 
publications, Statistics of Electric Utilities in the United States—1948 and Statistics 
of Publicly Owned Electric Utilities—1948, are given in Table 2. 

Important features of typical lines from the lightning protection point of view 
have been collected and tabulated by an AIEKE Subcommittee on Lightning and 
Insulators. These tables, which appeared in the A.J.E.E. Transactions in 1939 and 
1946 have been reproduced in the appendix as Tables 3 and 4. 

Tables 5 and 6 and the included descriptive material have been added to facili- 
tate derivation of equivalent circuits for power and regulating transformers from 
the impedance data usually furnished by the manufacturer. 

Table 7 has been abstracted from “Equivalent Circuits of Power and Regulat- 
ing Transformers” by J. E. Hobson and W. A. Lewis (Westinghouse Reprint 941). 


SY 


784 


Appendix 


TABLE 1—PRACTICES REGARDING STABILITY FEATURESt 
a 


Metropolitan 


785 


Platte Valley 


Breton a pea Water District oe Pacific Gas & ,_ Puget Sound Sate Public Power 
& Light arse Edison Co. Electrie Co. Power & Light Co. Power Co. & Petes tion 
Item I Item L Item 1 Item I Item ll Item 1 Item I] Item I Item 1 
Boulder Dam- | Boulder Dam] Big Creek Tiger Creek- | Bucks Creek- | Baker River | Rock Island |Boulder Dam|North Platto- 
Los Angeles Line Line Newark Wilson -Nos, 1 & 2 No. 1 Line Columbus 
A. Transmission 
1. Voltage, kilovolts...... 287.5 230 220 220 220 110 110 132 115 
2. Distance, miles........ 267 237t 240 109 185 67 134 222 218.5 
3. Frequency, cycles..... 60 60 50 60 60 60 60 60 60 
4. Power,kilowattssentout 265 000 330 000f 400 000 150 000 120 000 40 000 25 000 32 000 25 000 
B. Circuit arrangement 
1. Number of circuits... . 2 1 3 2 2 2 1 1 1 
2. Intermediate switching 
stationg............ 2 None 4 None 1 1 None None 2 
3. Load taken off at inter- 
mediate points, kilo- 
Watts. ya. chew Masten et None None 135 000 None None None None None 12 000 
4. Synchronous condenser, 
kva at intermediate 
polntevcisciavevans None None None None None None None None 8 000 
5. Bussing arrangements 
a. Sending end...... H.T. H.T HT. None None None None None L.T. 
b. Receiving end..... L.T. HT. H.T. None None None None None H.T. 
6. Grounding 
a. Sending end...... Solid Solid Solid Solid Solid Solid Solid Solid Solid 
b. Receiving end..... Solid Solid Solid Solid Solid Solid Solid Solid Solid 
Cc. Generator 
1. Kilovolt-amperes..... Each 82 500 Each 82 500 | 15 units, total|............./.......00000e 39 000 66 668 40 000 2 unite, each 
397 000 14 500 
2. Short-circuit ratio (or 
synchronous reac- 
tance percent)...... 2.74 2.4 Ti Gie  Mectrckdic sce tamee reve a fea, 4 eekee ly Ode os My Reeser eee else 1.6 115.5 
3. Transient reactance zg 
percent............. 17.5 17.5 22 27 27 23 30 26 32 
4. Inertia constant H..... 9.5 4.7 3.74 4.1 4.1 4.05 4.45 3.8 2.05 
5. Damper winding...... Copper Copper None None None Copper Copper Copper Copper 
D. Excitation system 
1. Exciter response, per 
unit—self- or pilot ex- 
CHEER oF) Ge Sipser ayes 0.5 0.5 1.0 1.5 1.5 240 volts/seci200 volts/sec 0.5 1.0 
Pilot Pilot Pilot Pilot Pilot 
E. Breakers and relays 
1. Breaker speed, cycles... 3 8 8-26 12 12 18 8 10 8 
2. Relaying type......... Carrier current Instantaneous; Instantaneous! Overload & (Same as Balanced High speed | Phase: In- Distance 
and cross bal- overcurrent overcurrent directional item I) current distance duction 
anced between & simultan- | residual impedance 
parallel circuits eous carrier G'nd: direc- 
—-3 cycles current on tional 
some lines induction 
3. Total time, cycles*. ... 6 8.5 8.5-31 13-14 13-14 27-54 9 16 (Min.) 9-10 
F. Lightning protection 
1. Tower construction. ... Steel Steel Steel Steel Steel Wood pole H| Steel over Steel Wood pole H 
frame mountains, frame 
rest is wood 
pole H 
frame 
2. Ground wires. ........ 2-50’ spacing on None 2 None None None None None None 
1 circuit towers 
-—40.5 on 2 cir- 
cuit towers 
3. Counterpoises......... Continuous— None None None None None None None None 
2 wires per 
tower line, cross 
connect to ad- 
jacent towers. 
4. Ingulators............ Susp: Single—24 | Susp: 13-10” | Susp: 12-10” | 13 5}4” units| 14 5}4” units| Susp: 6-10” | (Same as Susp: 9-10” | Susp: 7-10” 
10’x5” units diam., 534” units Semi-fog sec- units item I) units «K5%" 
Deadend: spacing Deadend: tion, 14 Deadend: Deadend: units 
Double, 22 Deadend: 13-double, 54” units 7-same 10-same Deadend: 
10)4”x6” units 15-same same Fog section, 8-same 
20 534” units 
5. Lightning arrestera.... |Terminal Sta.—Yes None None None None Yes Yes Yes Yes 
Switching Sta.—No 


a ee ee ee ee 


* Note-—-In certain cases of sequential tripping, 
¢ From the “First Report of Power System Stab 


t Editors Note: 84 miles of single circuit with b: 


time given applies to first breaker only. : 
ility,” A.1.E.E, Subcommittee on Interconnection and Stability Factors, A.J.E.E. Transactions, pp. 261-282, Feb. 1937. 


ranches extending 93 and 60 miles, Installed power for this condition 165,000 kw. 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES—Cont’d 


er 


A. Transmission 


1. Voltage, kilovolts...... 
2. Distance, miles....,... 
3. Frequency, cycles..... 
4. Power, kilowatts sent 

10) | fa ae a a 
B. Circuit arrangement 


1. Number of circuits... . 
Intermediate switching 
stations. ........... 
3. Load taken off at inter- 
mediate points, kilo- 
watts. 6... .... eee 
4. Synchronous condenser, 
kva at intermediate 
POinta...y.ccaeeraes 

5. Bussing arrangements 
a. Sending end...... 
b. Receiving end..... 


6. Grounding 
a. Sending end..... A 
b. Receiving end..... 
Generator 
1. Kilovolt-amperes...... 


2. Short-circuit ratio (or 
synchronous reac- 
tance percent)...... 

3. Transient reactance xj 
percent,........-.... 

4. Inertia constant H...., 

5. Damper winding...... 


Excitation system 
1. Exciterresponse, perunit 
—self- or pilot exciter. 


Breakers and relays 
1. Breaker speed, cycles... 


2. Relaying type......... 


3. Total time, cycles*.... 


Lightning protection 
Tower construction. ... 


ts 


2. Ground wires......... 


3. Counterpoises......... 


Ingulatora........00+5 


5. Lightning arrestera.... 


: . Tae The Milwaukee Ha Gavess New England |Hydro-FElectrie] The Shawinj- 
Raton piecing Taene Electric Railway ee ee eee Power Service | Power Comm. | gan Water & 
: ’ & Light Company P Company of Ontario Power Co, 
Item I Item I 
Item I Item IT Item I Port Pleasant Item IT Item III Item 1 Item I tem I 
Osage- Osage- Lakeside- | Washing- Valley- Inghams- Buffalo- Comerford- |Ottawa River-| Le Maligne- 
Cahokia Page Granville ton- Dunwovdis Rotterdam Lockport Tewksbury Toronto uebec 
Granville 
132 132 132 132 132 110 110 230 220 187 
177.9 135.5 25 23 62.5 47 21 126 200 136 
60 60 60 60 60 60 60 60 25 60 
90 000 45-000 bes -dan ve eel eck tos eon 160 000 130 000 120 000 156 000 200 000 160 000 
2 1 1 1 2 2 2 2 3 2 
2 None 1 None 1 None None 1 None None 
20 000 None None None 20 000 None None None None None 
50 000 None None None None None None None None 30 000 
None None L.T. L.T. H.T. H.T. H.T. H.T, H.T. L.T. 
L.T. L.T. H.T. H.T. H.T. H.T. L.T. H.T. HLT. H.T. 
Solid Solid Solid Solid Solid Solid Solid 30-ohm resistor Solid Solid 
Solid Solid None None Solid Solid Solid 30-ohm reactor Solid Solid 
4 units, 2 units, 375 000 94 000 |OnP.V. On Ingh. On Bflo. 4 unite, each | Each 23 500 | 11 units, each 
each each 1 388 000 979 000 225 000 39 000 to 28 500 30 000 
23 888 23 888 On Dun. On Rott. On Lock, 
1 900 000 2 300 000 3 060 000 
1.15 1.15 0.87 & 1.24 OOD Pedic abate sei | de 5 ceegearavtedy 2 ares [easetbuci ee Be anacsadis 81 1.25 90 
30 30 15 15.5 15.4 9.8 | 16.1 12.2] 12.7 45.8 31 28 41 
3.56 3.56 er Yan hie eer rt 2.85 6.58 | 2.9 6.2), 4.5 5,05 2.73 3.1 3.03 
None NODC» «| vicuias Sra] ie caied oO Shade Ca Meirogsloess Bias oneree.o 9 | Vaarese tceneine aus Inner; copper; None None 
outer, Ever- 
dur 
15 1.5 Hand reg-| Hand reg-|....... bi dsdcert| aera be ea Se ee hie analeiatne greta 1.6 1.8 et edatide eae 
Pilot Pilot ulation ulation Pilot Pilot 
7 8 12 8 8 8 8 8 3.5-4 * 10-12 
(Some—8-10) : 
Distance | Distance | Induction | Induction | Simultan- Overcurrent | Differential | Sequential Sequential + Parallel line 
type type eous with with in- current & with bal- with imped-| protection 
carrier stantan- distance anced cur- ance dis- with a direc- 
current eous & rent & dis- tance tional 
differential tance impedance 
standby 
8-10 9 93 39 12 10 12 9-11 5-5 % 12 up 
(Some—20) 
120 mi. Wood pole] Steel Steel Steel Steel Steel Steel Steel Steel 
steelwith| H frame 
wood 
arms 58 
mi. steel 
147 mi.—2; 2 1 1 2 2 2 2 2 2 
31 mi—tl c . 
None None None None None None None None None Part continu- 
ous type & 
part 250’ 
on each side 
of tower 
147 mi: 11-534” Susp: (Same as { Susp: Susp: Susp: Susp: Susp: Susp: . 
11-534” unita 10-434” | item 1) 12 units 8 units 7 units 15-534" 18-5” 10 units 
units units Deadend: Deadend: Deadend: units unite Deadend: 
31 mi.: Deadend: 13 units 9 units 9 units Deadend: Deadend: 12 unite 
10-434” 12-same 17-same 18-same 
units 
Yeas Yes Yes Yes Yes Yes Yes Yes Receiving end No 


nn re 
*Note: In certain cases of sequential tripping, time given applies to first breaker only. 


PEND 


Leis @| 


Ne 


5. 


Transmission 

Voltage, kilovolts...... 
Distance miles. ....... 
Frequency, cycles. .... 
Power, kilowatts sent out 


Circuit arrangement 
Number of circuits... . 


Intermediate switching 
stations. ........... 
Load taken off at inter- 
mediate points, kilo- 
WOES cose ieee ess 
Synchronous condenser, 
kva at intermediate 
points.............. 
Bussing arrangements 
a. Sending end...... 
b. Receiving end..... 


Grounding 
a. Sending end...... 
b. Receiving end..... 


Generator 
Kilovolt-amperes...... 


Short-circuit ratio (or 
synchronous reac- 
tance, percent)...... 


Transient reactance xj 
percent............. 


Damper winding...... 


Excitation system 
Exciterresponse, per unit 
—self- or pilot exciter. 


Breakers and relays 
Breaker speed, cycles... 
Relaying type........, 


Total time, cycles*..,, 


Lightning protection 
Tower construction... . 
Ground wires 


Counterpoises.....,.., 
Insulatora............ 


Lightning arresters.... 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES-~Cont’d 
ig oe) es 


Super Power 

Co. Ub 
Hl. North, 
Utilit, Co. 
& Public 
Service of 

Northern IL. 


Super Power Co. of Ulinois 
& Public Service Co. of 
Northern Illinois 


Public Service Co. of 


Item I 
Powerton- 
Waukegan 


61 765 


120 


Self 


8-20 
Distance 


10-56 


166 mi: steel 
52 mi.: wood 
185 mi: 2; 
34 mi.: 1 
None 
103.5 mi.: 12- 
OB25 620 
72.9 mi.: 10- 
534” units 
42.2 mi.: 8- 
JD2501 


3 stations—yes 
1 station—no 


Item If Item IIL 
Powerton- Powerton- 
Waukegan State Line 

132 132 
243.4 202.4 
60 60 
55 000 60 000 
1 53 mi: 2 
149.4 mi: 1 
4 4 
50 000 35 000 
20 000 15 000 
None None 
H.T LT. 
Solid Solid 
Solid Solid 
61 765 116 666 
120 107 
23 20 
5.75 5.5 
None None 
0.3 1.0 
Self Pilot 
8-20 8-20 
Distance Distance 
10~74 10-74 
Steel Steel 
187 mi.: 2; 173 mi.: 2; 
57 mi.: 1 30 mi. 1 
None None 
53 mi.: 12- 53 mi.: 12- 
OB25 620 OB25 620 
67.4 mi.: 13- | 67.4 mi.: 13- 
OB25 622 OB25 622 
123 mi.: 8- 82 mi.: 8~ 
JD2501 JD2501 


3 atations—yes| 4 stations—yes 


3 stations—no | 2 stations-—no 
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Public Service 


Panties Northern Indiana Public Service Co. Company 
Northern Illinois of Indiana 
Ttem I Item IL Item LIL 
Ttem I Item Ii pares alas a : Item 1 Item II 
Waukegan | Waukegan petra decid Min Dresser- |Columbia- 
Northwest | Northwest State Line | South Bend |Monticello Lenore Lenore 
132 132 132 132 132 132 132 
36.88 36.88 50.6 40.5 101.0 74.8 91.68 
60 60 60 60 60 60 60 
80 000 80 000 80 000 55 000 25 000 40 000 10 000 
1 1 1 1 1 2 1 
None None 1 None 1 None 1 
None None 45 000 None 8 000 None None 
None None None None None None None 
HT. HT. HT H.T. HLT. Int: hey id 
L.T. LT; L.T. H.T. L.T. LT. LT. 
Solid Solid Solid Solid Solid Solid Solid 
Solid Solid Solid Solid Solid Solid Solid 
2units,total] 121 000 70 600 70 600 70 600 | 3 units, 2 units, 
129 525 each each 
25 000 78 610 
1 unit, 152; 161 111 i111 111 T22° lessee sacs 
lunit, 154 
l unit, 16.3; 18.4 23.9 23.9 23.9 13). AViisasetdeos 
Lunit, 18.6 
1 unit, 4.95 4,64 4.09 4.09 4.09 3.74 ep Reenter 
Lunit,4.14 
None None None None None None None 
0.5 1.5 0.384 0.384 0.384 Unknown Self 
Self Pilot Self Self Self Self 
8 8 12-25 8-12 8-12 6-7 7-13 
Distance & | Distance & | Distance Distance & | Distance | Overcur- | Overcur- 
over- over- over- & over- rent rent 
current current current current 
10-60 10-60 13-67 10-14 12-45 Line: Line: 
9-67; 39-67; 
G'nd; G'nd: 
9 25 12-53 
Steel Steel Steel Steel Steel Steel Steel 
2 2 1 1 1 1 1 
None None None None None None None 
8-JD2501 | 8-JD2501 |8-6}2” units|8-6}4” units] 8~6}4” Susp: 
unite 9-10” (Same as 
x44" item I) 
units 
Deadend: 
11 same 
None None Yes Yes Yes Yes Yes 


*Note: In certain cases of sequential tripping, time given applies to first breaker only. 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES—Cont’d 


— rr 


Detroit 
Edison Co. 


Consumers Power Company** 


Tennessee Valley 


Item I Item I 
Marysville] Saginaw- 
Northeast Flint 
A. Transmission 
1. Voltage, kilovolts...... 120 140 
2. Distance, miles........ 55.5 43.3 
3. Frequency, cycles... .. 60 60 
4. Power kilowatts sent out 40 000 100 000 
B. Circuit arrangement 
1. Number of circuits... . 2 2 
2. Intermediate switching 
stations. ........... None None 
3. Load taken off at inter- 
mediate points, kilo- 
WAULSS sos eccrine s None None 
4. Synchronous condenser, 
kva at intermediate 
POINTE. cgi dees None None 
5. Bussing arrangements 
a. Sending end...... H.T. H.T 
b. Receiving end..... H.T. H.T. 
6. Grounding 
a. Sending end...... Solid Tsolated** 
neutral 
b. Receiving end..... Unground-} Isolated 
ed neutral 
Cc. Generator 
1. Kilovolt-amperes...... 6 units, 140 000 
total 
196 000 
2. Short-circuit ratio (or 
synchronous react- 
ance, percent) ...... 1.02 1.0 
3. Transient reactance 24 
percent............. 23.4 10-12 
4. Inertia constant H..... {A S| [De ee ee 
5. Damper winding...... None |........... 
D. Excitation system 
1. Exciterresponse,perunit | Hand reg- 2.0 
—self- or pilot exciter.. ulation Pilot 
E. Breakers and relays 
1. Breaker speed, cycles... 6 8-20 
2. Relaying type......... Differen- | Impedance 
tial 
3. Total time, cyclea*.... 8 20-32 
F. Lightning protection 
1. Tower construction.... Steel Steel 
2. Ground wires. ........ 1 1 
3. Counterpoises......... None None 
4. Insulators. ........... Suep: Susp: 
9-5” 9-434” 
units units 
Deadend: 9-534” 
10-same units 
12-434” 
unite 
Deadend 
11-534” 
units 
5. Lightning arrestera. . .. Yes Yes 


Item Il 
Muskegon- 
Grand Rapids 


None 
H.T. 
H-T. 


Isolated** 
neutral 

Isolated 
neutral 


50 000 


None 
Susp: 
10-534” 
units 
Deadend: 
1l-same 


Yes 


Item III 


Item IV 
Ce: Jackson- 
Rapids Superior 
140 132 
47.1 28.8 
60 60 
67 800 77 500 
1 1 
None None 
None None 
None None 
H.T. Through 
transformer 
H.T. Through 
transformer 
TIsolated**| Isclated** 
neutral neutral 
Isolated Solid 
neutral 
60-000) sa veaeeins 
1.0 setae Sean 
10-20) |,........... 
ha Fecal ee 
8 8-20 
Step dis- | Impedance 
tance 
10 20-32 
Steel Steel 
1 i 1 
None None 
(Same as | Susp: 
item II) 10-5” 
units 
Deadend: 
12-same 
Yes Yes 


*Note: In certain cases of sequential tripping, time given applies to first breaker only. 


**Editor’s note: The Consumers Power Compa 


only up to that time. 
**Editor’s note: Item VIII Toronto-Akron is part of the Ohio Edison Ca. system, 


25 000 


None 
HAT. 
H.T. 
Isolated ** 
neutral 


Isolated 
neutral 


8-20 
Impedance 


Item VI 
Kalamazoo- Be po 
pee Jackson 
140 140 
14.3 26.5 
60 60 
25 000 65 000 
1 1 
None None 
None None 
None None 
H.T. H.T. 
H.T. H.T. 
Isolated** | Isolated** 
neutral neutral 
Isolated Isolated 
neutral neutral 
50 000 |........... 
1,0 enero ades 
mak ate eK ede Vhs RE 
8-20 8-20 
Impedance | Impedance 
20-32 20-32 
Steel Steel 
1 1 
None None 
Susp: Susp: 
9-434” 10-434” 
units units 
Deadend: | Desdend: 
12-same 12-same 
Yea Yes 


Authority 
Item V1I11 Item 1 
oronto- Wilson- 
Akron*** Norris 
132 154 
64.0 233.4 
60 60 
50 000 50 000 
1 1 
None None 
None None 
None None 
H.T H.T 
L.T. L.T. 
Solid 2 reactors 
(each 35 ohms) 
Solid Solid 
140 000 2 units, each 
56 000 
{at Norris) 
i 
1.0 1.045 
40.7 
Skane a ae 
Dati Levee Chace 1.0 
Pilot Pilot 
8-20 8 
High-speed | Simultaneous 
step dis- with carrier, 
tance or sequential 
with distance 
10-22 vine Mee nau Keews . 
Steel Stael except 
Tenn. R. to 
Monteagle 
(wood) 
1 2 
None None 
Susp: ( 17.5 miles; 
10-534” Susp: 19-54” 
units units 
Deadend: Deadend: 
1l-same 21 same 
96 miles; 
Susp: . 
9-614” units 
Deadend: 
11 same 
120 miles; 
Susp: 16-1634" 
units or 
19-5}4” units 
Deadends: | 
{ 21-514” units 
Yes Yes 


ny in 1940 changed their 140 kv system from isolated neutral to solidly grounded system, All information in this table holds 


Appendix 


TABLE 1—PRACTICES REGARDING STABILITY FEATURES—Cont’d 


789 


a ee en 


A. 


ei Ne 


5. 


Transmission 

Voltage, kilovolts...... 
Distance, miles........ 
Frequency, cycles. .... 
Power, kilowatts sent out 


Circuit arrangement 
Number of circuits..... 
Intermediate switching 
stationg............ 
Load taken off at inter- 
mediate points, kilo- 
A. ee 
Synchronous condenser, 
kva at intermediate 
points............0. 
Bussing arrangements 
a. Sending end...... 
b. Receiving end..,.. 
Grounding 
a. Sending end...... 
b. Receiving end..... 


Generator 
Kilovolt-amperes...... 


Short-circuit ratio (or 
synchronous react~ 
ance percent)... .... 

Transient reactance x3 
percent............. 


Damper winding...... 
Excitation system 


Exciterresponse, per unit 
—self- or pilot exciter. 


Breakers and relays 
Breaker speed, cycles... 


Relaying type......... 


Total time cycles*..... 


Lightning protection 
‘Tower construction..., 
Ground wires..... Biotke 


Counterpoises...... 


Insulators. ........... 


Lightning arresters.._. 


Pennsylvania Water 
and Power Co, 


Philadelphia 
Electric Co. 


Pennsylvania and New Jersey Interconnection 


Pennsylvania Power & Light Company 
Philadelphia Electric Company 
Public Service Electric and Gas Company 


Item 1 
Safe 
Harbor- 
Washing- 
ton 


230 
92 
60 
168 000 
1 


None 


None 


None 


None 
None 


Solid 
Solid 


5 units, 
total 
155 500 


26.7-29.0 
3.31 
Copper 


225 


volts/sec 


8 


Distance 


Steel 
2 


Crowfoot 
system 


Yes 


ltem II 
Safe 
Harbor- 
Perryville 


None 
None 


None 


None 
None 


{ Midpoint of 
transfs. 
grounded 
through 
330-ohm 
resistance 


35 000—Gen. 


31 250-Freq. 
chgr. 


200 
volts/sec 


3.5 


Voltage 
balance 


8.5 


Steel 
2 


Crowfoot 
system 


12-544” 
units 


None 


Item I 
Conowingo- 
Plymouth 
Mtg. 


7 units, 
total 280 000 


8-12 


Phase: 
Hi-speeddiff., 
Induction 
impedance 

G'nd: 
hi-speed 
diff. & hi- 
speed 
overcurrent 
Phase: 9-18 
G'nd: 9-18 


Steel 
2 


None 


Susp: 16-534” 
units 

Deadend: 
18-same 


Yes 


mile section 


Susp: 8-534” 
units 


Deadend: 
9-same 


Yes 


*Note: In certain cases of sequential tripping, time given applies to first breaker only. . 
tHigh-speed directional impedance phase relays installed at Plymouth Meeting end of Items I and IL 


{Based on thermal conditions. 


Item II 
Plymouth Item L 
Mtg.- Plymouth Mtg.- 
Westmore- Seigfried 
land 
66 220 
10 48.7 
60 60 
212 000 185 000+ 
3 1 
None None 
None None 
None None 
H.T. H.T. 
H.T. H.T. 
Solid Solid 
Solid Solid 
ate Sphstaleceve. ctet ese Intersystem tie 
8 8-12 
Phase: Phaset: 
Induction Directional imped- 
impedance | ance 
G’nd: Ground: 
hi-speed Hi-speed directional 
directional | overcurrent 
overcurrent 
Phase: Phase: 9-75 
20-60-150 Gr'd: 9-35 or 70-90 
G'nd:9-18-60 
Steel Steel 
2 2 
Continuous ~ None 
type, 3.7 


Susp: 16-534” unite 
Deadend: 18-same 


Plymouth Mtg. only 


Item II 
Plymouth Mtg.- 
Roseland 


220 
75.8 
60 
185 000+ 


Intersystem tie 


3.5-8 


Phase: 9-75 


Steel 
2 


(Same as Item I) 


Gr'd: 9-35 or 50-100 


None except grdg. cable at 
high-res. tower footings 


Susp: 16 or 18-534” units 
Deadend: 18 or 20-same 


Plymouth Mtg. only 


Item TIL 
Seigfried- 
Roseland 


220 
83.7 
60 
185 000T 


Intersystem tie 


3.5-10 


(Same as Item I) 


Phase: 12-60 
Gr'd; 12-30 or 60-100 


Steel 
2 


(Same as Item IT) 


Susp: 14, 16, or 18-534” 


units 


Deadend: 18 or 20-same 


None. 
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TABLE 2—STATISTICS OF UTILITIES WITH SALES EXCEEDING Two-BILLION KWH. 


PrivaTELyY OwneED Evecrric Utiiit1Es(a) 


: Installed Capacity in Kw 
. Sales Generation 
chit Company Million | Million 
Pee il vanes Steam Hydraulic | Total(c) 
1 | Consolidated Edison Company of New York, Inc......... 10 176 11177 2 567 700(e) 2 567 700 
2 | Commonwealth Edison Company................0 00005 9 582 8 793 1 590 000 1 590 000 
3 | Pacific Gas and Electric Company...............-..0085 9 047 8 660 667 629 969 233 1 637 748 
4 | Philadelphia Electric Company.............. 00.0000 eee 7 369 6 268 1 255 250 1 255 250 
5 | Southern California Edison Company................... 6 164 6 799 521 500 441 020(e) 962 520 
6 | The Detroit Edison Company and Subsidiaries........... 6 136 6 876 1 300 000 8 300(e) | 1808 300 
7 | The Ohio Power Company............... 0000.00 cee eee 5 065 5 127 799 000 4 000 803 000 
8 | Public Service Electric and Gas Company............... 4 989 5 871 1 411 150 1 411 150 
9 | Duke Power Company........... 20.00.00 cc eee cee ces 4 785 5 225 660 150 497 273(e) | 1 157 498 
10 | Appalachian Electric Power Company, Inc.(f)............ 4 399 4 362 601 890 121 517 724 257 
11 | Alabama Power Company............ 00... ccc n ee eee 4 351 4 302 285 000(g)} 414 500(h) 699 560 
12 | Union Electric Power Company..............0 00s eee 4 228 4176 602 500 116 000 718 500 
13 | The Niagara Falls Power Company..................... 4 194 3 485 374 800(e) 374 800 
14 | The Cleveland Electric Illuminating Company............ 4 123 4 421 690 000 690 000 
15 | Buffalo Niagara Electric Corporation..................05 3 979 3 589 625 000 46 787 671 787 
16 | Duquesne Light Company......... 0... 0cccee ence eee 3 779 3 953 624 000 624 000 
17 | Georgia Power Company... .......ccccceeeceeevceecenes 3 770 3 509 444 000 286 300(i) 730 914 
18 | Consumers Power Company...........cceeeeceeeeeeeee 3 633 3 932 602 000 148 015 750 015 
19 | West Penn Power Company..............0 00 cceseeeees 3 303 3 469 588 500 50 215(j) 638 715 
20 | Public Service Company of Northern Ilinois............. 3 252 1 801 365 000 600 365 600 
21 | Consolidated Gas, Electric Light and Power Company of 
Baltimore ss iccaba 22d G8 rte eet ew gs codices Rey hohe gs 3 166 2 565 519 500 519 500 
22 | Pennsylvania Power and Light Company................ 2 974 2 589 406 462 44 373 451 035 
23 | Boston Edison Company.............0 000000 cccae eeu eees 2 804 2 879 557 610 250(e) 557 860 
24 | Union Electric Company of Missouri............. 000.006 2796 859 118 500(e) | 129 000 247 500 
25 | Wisconsin Electric Power Company...............-.-++- 2 780 3 029 674 500 674 500 
26 =| Virginia Electric and Power Company................005 2 427 2 629 447 500 37 141(e) 484 841 
27 | Northern States Power Company................00 eee ee 2 412 2 556 452 920 16 040(e) 496 225 
28 Chicago District Electric Generating Corp............... 2 362 2 362 358 000 358 000 
29 | The Montana Power Company...................200005 2 300(k) 2 485 317 540 317 540 
30 | Beech Bottom Power Company, Inc.(l)............2..-0- 2 280(1) 2 280(1) | 300 000(1) 300 000(1) 
31 | Puget Sound Power and Light Company................. 2 250 1 629 93 000 194 750(e) 287 750 
32 New England Power Company(m).............0.00000e8 2 249 378 17 500 132 420 149 920 
33 | The Washington Water Power’Company...............6. 2 146 1 374 203 210 203 210 
34 | The Cincinnati Gas and Electric Company............... 2 130 2 253 470 000 470 000 
35 | Indiana and Michigan Electric Company(t).............. 2 102 1575 300 000 22 004 322 004 
36 Central New York Power Corporation(n)................ 2 046 2 549 270 000 220 102(0) 490 102 
37 Ohio Edison Company... .........0..00000 00 cece eee eee 2 043 2 118 427 000 1 950 428 950 
88 | Potomac Electric Power Company...............000 0005 2 007 2 369 505 000 505 000 


a pS SG POS PS SSS SS SS Se SSS aS ES UE TS 
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TABLE 2—STATISTICS OF UTILITIES WITH SALES EXCEEDING Two-BILLION KWH—Cont. 


PusLicLy OwNnED Evectric Urtiiitres(b) 


; Installed Capacity in Kw 

Li Sales(d) | Generation 

Re Company Million Million 

No. 

Guus seo Steam Hydraulic Total(c) 
1 | Tennessee Valley Authority(p)............0.. 0020s eee 12 245 14 248 425 850 1 809 582 2 236 282 
2 Bonneville Power Administration(q).................-..-| 10272 
3 | U.S. Bureau of Reclamation Columbia Basin Project (Grand 
Coulee’ Dam) (Pisses sacis us sare dels eae cin) eS ee ee es 6 894 6 940 992 000 992 000 

4 | U.S. Bureau of Reclamation Boulder Canyon Project(r). .. 5 285 5 334 1 034 800 1 034 800 
5 US. Corps of Engineers—Bonneville Dam Project(p)..... 3 992 3 998 518 400 518 400 
6 Los Angeles Department of Water and Power(p)......... 3 435 1 192 257 500(s) 126 025 383 525 


Boos 


rar 


Data taken from Statistics of Electric Utilities in the United States—1948, published by the Federal Power Commission. 


Data taken from Statistics of Publicly Owned Electric Utilities—1948, published by the Federal Power Commission. 
Total includes internal combustion engine capacity. 
Sum of sales to ultimate customers and sales for resale. 


Excludes some capacity owned by others and operated by respondent or capacity leased from others. See Federal Power Commission 
publication(a) for exact amount. 


Report reflects acquisition of Holston River Power Company; acquired June 30, 1948. 

Excludes 40 000 kw leased from others and 10 340 kw owned and operated by others for the account of respondent. 
Excludes 8000 kw owned by others and operated as a joint facility. 

Includes 2000 kw leased to others; excludes 2800 kw leased from others, 

Includes 50 000 kw leased to others. 

Excludes 56 882 thousand kwh billed but not delivered. 


Company has no utility plant but operates the Windsor steam electric generating station for the account of its two owners, West Penn 
Power Company and Ohio Power Company. The output of the station is also included in the energy accounts of the owner-companies. 


Report reflects acquisition of properties of the Bellow Falls Hydro-Electric Corporation on July 28, 1948 but not the acquisition of 
Eastern Massachusetts Electric Company acquired at the close of business on December 31, 1948. 


Report reflects acquisition of Northern Development Corporation; acquired July 31, 1948. 
Includes 8000 kw jointly owned; excludes 7040 kw leased from others. 
Report for year ended June 30, 1948. 


Marketing agent for power generated at Bonneville Dam Project and Columbia Basin Project (Grand Coulee Dam). 
Report for year ended June 30, 1948. 


Report for year ended May 31, 1948. 
Excludes 50 000 kw leased from others, 
Report reflects acquisition of Indiana Service Corp.; acquired August 31, 1948, 
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TABLE 83—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv To 165 Kv LINES* 


Line Construction Lightning Protection 
ee 3 73 Counter- Grounds Gr. Res. o 
6 Conductor ay Insulators Ae Poises Rod Basten 
z Height El eta S 
7 at Tower [20 Numb fog : 3 A 
s 18) 2 | Min-(Fi) |Ea umber |) 452) S| 3 is ve. | Max. 
~ q i ‘36 eeelso| 9 Sg |e 9 5 | a — 
> 2 os cd co} mo van er ae est fo—4 ef | 8 ; a By & 
2 Y | 43 wo! a8 aoe ish on S38 ia | z i. o |] A] ot Kg Fe 
& 3 2 mi 2 : Sel ga : ; tavilte! 3 Sea} .4) 8 es a) w | FO} LO oO 
g 2 > 2 & g 3 als] s 78 a3| @ a $68 |85 8 £5 |Ms) 5 2b ° be ) Sh Cas on 
= nee son | - . = = cet & ae o Pr} 2a 
63/216] 2 la] a4 |}81818 lée) 86) 2g | a [Sed Se) <¢ | Saleh so] & |x} 2 |e] sh) 26] $6 
1! 2 3 | 4 5 6 7 8 | 9 | 10) 11] 12 | 13 {4 14 15 16 | 17 18 | 19 | 20 21 22} 23 | 24] 25 26 27 
1) A | 132] 1 | 82.5] 8S 10) | 52 | 52 | 52 |11.8) 53g | 10 | 12 | 62/50 | A | Yes | Yes /1000] 2 | 1(p) | 68 ]..... pe es ee 18 
2} A {| 110) 1 | 38.8%} Wy{ 1j) | 30 | 30 | 30 | 5.1] 54] 6 7 | 36/45 | A | No | Yes | 632] 0 No 1 |100} 91 | 81.7 | 260 
2) AA} 110} 1 j...... Se ifaa eee a 30 | 30 | 30] 8 | 5% | 7 8 | 42/45 | A | Yes | No | 645] 1 Vo 0 a Qs assis ort all eae 
2} B | 120] 1 | 37.6} WY] 1) | 30 | 30 | 30 | 5.7) 5 8 | 9 | 42/45 | A | Yes | No | 491; 0 | No secaifeastolsasinall Sava accllae a 52 
2) C | 110] 1 | 55.3 |W} 1G) | 60] 50! 40] 5.7/5% | 7 8 | 38/45 | A | Yes | No | 460) 0 No Ua poeeieeye | erin cera eres eenen (MERE 
2) D | 110} 2 |} 52.9] S | 1(b) |] 60] 60] 60/9 | 5%) 8 Qe |ecerieiee CG | No | No | 881] 2 No 0 ) Orewa rae tes 
3) A | 154] 2 | 28.7] S | lal) | 36 | 36 | 36 112.6] 5 10 | 12 | 55/- | A | Yes? } No | 977] 1 No 0 | No] 0 J.....)...0.]00000" 
4, A | 115 | 2] 16.5] S | 10) | 46] 46} 46/18 | 53¢ |] 98 9 | 36/45 | C | No | Yes | 600! 28) No 0 | No] 0]........0000000" 
4) B 115 | 2° | 30.6] S$ 1(1) 46 | 46/1 46/8 5% gs gs 36/45 Cc No Yes | 600) 28 No OV No PO fe cicfes. ceebin coc, 
4] C | 115) 2113.2! 8S | 10) | 46 | 46 | 46/8 | 53g | 9% | 98 | 36/45] C | No | Yes | 600] 28} No | 0 | No] oO |... 
4, D | 115 | 2] 20.7] S | 10) | 46] 461 46] 8 | 53g | 95 | 95 | 36/45 | C | Yes | Yes | 600} 28] No 0 | No] 0 }j.......... 
44 B 1115/1 119.5] 8 1() 46 | 46 | 46] 8 | 534 gs gs | 36/45 | C No Yes | 600] 2 No OF 2) Noo Os [is caaliell eyes © 
4) F | 115! 1 | 17.8] 8S | 10) | 46] 46] 46/8 | 53g | 98 | 98 | 86/45 | C | No | Yes | 600; 2 No | 0 | No | 0 | 460 )......)..000% 
8} A | 132 | 2 | 11.9] S | 1b) [100 | 87 | 74 113 | 5%] 9 11 | 42/45 | A | No No | 790} 2 No 0 | No] 042.9 ).....04.0005° 
8] B | 132 | 2 | 10.9] S | 1(b) {100 ) 87 | 74 113 | 5384 | 9 11 | 42/45 | A | No No | 814] 2 No 0 | No] 0 | 9.4]... 00057 
8} Cc | 132] 2] 4.51 S | 1b) [100 | 87 | 74 113 | 534 | 9 11 | 42/45 | A | No No | 795| 2 No 0 | No | 0 |10.6]......J....., 
8 D | 132] 2 | 23.41 8 l(b) |100 | 87 | 74 113 | 54%] 9 11 | 42/45 | A No No | 840; 2 No 0 | No |] 0 112.4]...........,. 
8} I | 132] 2 | 28.8) 8 1(b) | 97 | 84 | 71 1138 | 5%] 9 11 | 42/45 | A | No | Yes | 512) 2 No 0 | No | O ]25.8]......4.0..., 
9} A | 110°] 2 | 23.6] S | 1(b) | 70 | 60 | 50 | 8.5) 53% | 6 g | 60/30 | C | No | No | 560] 2 No 0 {No |] 0 }.....f.000.)L2105% 
13} A | 132] 1 | 79.9] S | 1a) | 69 | 57 | 45 10 «1 5 10 | 11 | 48/45 | A | Yes | Yes? | 880! 1 No 0 | No | 0 }j.....)......[. 01122 
13] B | 132] 1 | 54.0] S | 1a) | 76 | 64 | 52 110.7] 5 10 | 11 | 48/45 | A | Yes | Yes? | 970) 1 No 0 | No] 0 ].....]......f00000. 
13} GC | 132 | 1 | 26.4] S | 1d) | 69 | 57) 45 110 | 5 10 | 11 | 48/45; A | Yes | Yes? | 880] 1 No OONo: | (Os Wesscelancee eh neces 
13] D | 132} 1 8.2] S | l(a) | 76 | 64 | 52 |10.3) 5 10 | 11 | 48/45} A | Yes | Yes? | 970) 1 No 0 {| No] 0 |[.....)..0...f00000! 
13] DD | 132 | 1 | 23.9; S | 1a) | 75 | 63 | 51 110.3) 5 10 {| 11 | 51/45 | C | No No | 770] 1 No 0 2 TOON ooo wt ese lees) caglarces 
14] A | 1382] 1 | 14.8) 5 l(a) | 76 | 64 | 52 | 9.3] 6% | 9 11 | 45/45 | C | No No | 701] 1 No On} Noe) Ofer banks cel eres 
15] A | 132] 18] 30.9] S ] 1(b) | 74161] 48] 9 | 6%! 8 8 {| 60/30 | C | No | No | 500) (a); No | 0 | 2 | 100 3 5 
15} B | 132] 18] 27.9] S | 1b) | 74 | 61) 48/9 | 64%] 8 8 | 60/30 | C ; No No | 500} (a) | No 0 2 | 100 3 5 
15] C | 132} 1 | 30.9] S | 1(b) | 81 | 68 | 55 |10.4 8 8 | 60/30; € | No No | 500] 1 No 0 2 / 43 |..... 3 5 
15| D | 132] te} 42.2] S | 1¢b) | 84] 71 | 5819 | 64%] 8 8 | 60/30 | C | No | No } 880) (a)/ 1(n) | 3} 2 | 45)..... 10 50 
15, E | 132] le | 61.7] S | Mb) | 84 |] 71 | 5819 16 8 8 | 60/30 | C |; No No | 880) (a2) | l(n) | 3 2 1 43 ]..... 10 50 
15] F | 132] 1 | 24.41 8 | 1(b) | 84] 71 | 58 110.4464 | 8 8 | 60/30 | C | No | No | 880! 1 No 0 | No | 0} 10 }j......J...... 
15] G 132} 1 }29.71S l(b) | 84 | 71 | 58 | 9 6% 8 8 60/30 | C No No | 880! 1 No 0 2 85 ]..... 10 67 
15} H | 132] 2 | 36.9} S } 1(b) | 84| 71] 58/9 | 64} 8 8 | 60/30 | C | No No | 880) 2 No 0 >and es) oa eres 8 25 
15) OI 132 1 10.6 8 1(b) 84 171/358 1/9 6% 8 8 60/30 | C No No 880, 2 No 0) 2 56 j..... , 10 30 
16) A | 110 | 1 | 79.4 | WY} 1G) | 438 | 43 | 43 54%] 8 9 | 31/45 | C | No No | 509] 0 No 0 | No] 0 j.....)......h00.0. 
16) B | 110] 1 | 83.7] W | 1G) | 49 | 49 | 49 110.5) 53¢ | 8 9. Ale ada A | Yes | No | 592] 2 No (a) 21100) oho cece til S ee eaes 
17} A | 132] 1 | 50.3] S | 1(@) | 70 | 58] 46 | 8.5) 43g | 10 | 12 | 47/50 | A | No No | 588] 1 No 0 | No] 0 }.....4......)...08. 
17 B | 132] 1 | 27.9} S | 1a) | 70 | 58 | 46 | 8.5| 43g | 10 | 12 | 37/50; C | No No | 608] 1 No O° | Non] eOs te kes adalaes 
17) C | 132] 1 | 22.4] S | l(a) | 70} 58 | 46 | 8.5) 43g | 10 | 12 | 47/50 | GC} No No {| 612) 1 No O | No | 0 |.....1......[...... 
17} D | 132] 1 | 29.4 | S | 1(a,b,e)| 70 | 58 | 46 | 8.5] 43g | 10 | 12 | 47/50 | A-C/ No No } 588} 1-2] No 0] 4 D alin tans 1.96 | 4.8 
17/ E | 132} 1 | 22.8] S | 1(a,b) | 72 | 59 | 47 | 9.5] 534 | 9/11 12/14] 37/50 | C | No No | 602)1-2] No 0 4 Pal ceed 3.5 | 14.1 
17; F | 132] 1 7.918 (a 72 | 59 | 47 | 9.5) 43g | 10 | 12 | 37/50 | C_| No No | 591] 1 No OL | No. |) O25) aceclisacc | es aacs 
17} G | 182} 1 | 52.3! S {1(a,b,e)|} 70 | 58 | 46 | 8.5) 434 |10/12/12/14| 37/50 | A-C) No No | 590] 1-2] No 0 4 De Meee 2.2 | 14.1 
17/ H | 132! 1 | 76.148 a 70 | 58 | 46 | 8.5| 43g | 10 | 12 | 37/50 | A | No No | 603] 2 No 0 | No | 0 f.....J......[...006 
18) A | 132] 1 5.8} 8S | l(a) | 76 | 63 | 50 [11 | 5 10 | 12 | 48/38 | C | No No | 644] 1 No O | 2-3 | (@)i.....f...... [eee 
18} B | 132} 2 | 18.0] S | 1a) | 76 | 63 | 50 |11 | 5 10 | 12 | 48/38); © | No No | 680) 1 No O | 2-3 | (d) j.....f...... [eee eee 
18} C | 1321} 2 | 18.0] S | 1) | 76 | 63] 50 j11 | 5 10 | 12 | 48/38 | C | No No | 680] 1 No O | 2-3 | (dd) |... [oc ee fees e es 
18] D | 132 | 2 8.9] S }| l(a) | 76 | 63] 50 |11 | 5 10 | 12 | 48/38 | C | No No | 715} 1 No 0 | 2-3 | (a) |e... fee ee, 
18) E | 132} 1 8.9] S | l(a) | 76 | 63] 50 j1l | 5 10 | 12 | 48/38 | C | No No j 715) 1 No O: | 2=35 1d) eel ced lee wees 
18) F | 132 | 2 9.9] S | 1(a) | 76 | 63} 50 11 | 5 10 | 12 { 48/38 | C |} No No | 710] 1 No O | 2-3 | (d) ].....fe eee pene eee 
18] G | 132} 2 9.9} S | l(a) | 76} 63! 50 11 | 5 10 | 12 | 48/38 | C | No No | 710] 1 No 0 | 2-3 (24 Ceeree Pee rena 
18] H | 132] 2 6.4] S | (a) | 76} 68 | 50 111 | 5 10 | 12 | 48/38 | C | No No | 650] 1 No O | 2-3 | (d) |.....[-.. epee eae 
18} I | 132] 1 6.1] S | ia) | 76] 63 | 50 j11 | 5 10 | 12 | 48/38 | C | No No | 675] 1 No O | 2-3 | (d) jo... fence fee ee ee 
18) J | 132} 2 5.1] S | lt) | 76 | 68] 50 j11 | 5 10 | 12 | 48/38 | © | No No | 715] 1 No (nC, ee es 
18) Kk | 132] 2 6.5] S | l(a) | 76] 68 | 50 |11 | 5 10 | 12 | 48/38 | C | No No | 680] 1 No O | 2-3 | (d) |.....[...... 1.0.68 
18] L | 182] 2 | 53.2] S |} la) | 76] 63 | 50 |11 | 5 10 | 12 | 48/38! C | No No | 695] 1 No O | 2-3] (da) |... .. [eee eee fee 
18) M | 132 | 2 8.1] 8 ie 76 | 63 | 50 |11 | 5 10 | 12 | 48/38 | C | No No | 700] 1 No O | 2-3 | (d) |.....J.... AS rears 
18] N | 132} 2 | 67.8] S | 1s) | 76/63] 50/11 | 5 10 | 12 | 48/38 | C | No No | 693] 1 No O | 2-3 | (d) |.....]......f.-- 0 ee 
20; A | 140 | 1 /148.0 | S | 1(a,d) | 52 | 46 | 40 4% | 107} 12 | 48/20; C |; No No | 520] 0 No 0 Ore Oe nsec ben's Sue earned 
20/ B | 140] 2 | 43.5] S |] l(a 69 | 57 | 45 | 7.7) 43%] 9 [11-12] 48/20 | C | No No | 665] 1 No 0 0.4 OF Ne ee esa | aaet 
20; C 140 | 1 | 44.3; S | I(a,d) | 52 | 46 | 40 | 6.7! 434 10 48/20 | © No No 564) 1 No QO | 1.62 | 100} 39 19 155 
20) D | 140 | 1/2] 38.21 S | l(ae) | 48 | 48 | 48 | 6.7) 434%] 10 |11~-12| 48/20 | A-C; No |Yes-No} 710) 2-1{ No 0 | 1.012] 100 |65-25/20-8 .7/130-55 
20! &E | 140|/ 1 | 62.0] S | 1(a) | 64] 52 | 40/7 | 484] 10 | 12 | 48/20) C | No No | 517} 1 No 0 OW Oca gis leeds 
21; A | 110} 2 | 50.4] S | tb) | 60] 51] 43/7 15 8 10. |esscees C | No No | 630) 1 No oj} 0 | O }..... Dee del ite 
21] B | 132} 2 /189.0] S | ia) | 85 | 74 | 63 12.4] 5 8 10! [ks es A | Yes | No [1056] i |1(m,g)| 14] 0 0 | 250] 100 }j...... 
21) C j} 110; 2 | 68.3] S | 1(a) | 73 | 62] 51/9 | 5 8 10° Jecscees A-C| No No | 830) 1 No 0 0 | 0 
21} D | 110] 1 | 68.3 | WY] 10k) | 36 | 32 | 2] 4 | 5 7 lel eee A | No No | 330} 1 No Cm eee 0 
21; E 110 | 1 | 54.8 | § 1(1) 61 | 61) 61 | 7 5 8 10 j....--- A | Yes No | 880] 1 l(q) | 38 | O i) 
21} F | 110] 2 |103.6{ S | 1(a) | 85 | 74 | 63 {12.31 5 8 10; fendi e A | Yes | No [1056] i No of; o0]o 
22} A | 110/ 2 | 86.5] S | 1(b) | 62 | 54 | 46 | 8.81 5% | 7 8 | 35/45 | A | No No | 530| 2 No 0 0/0 
22; B | 110} 2 | 86.5] S | 1(b) | 62 | 52 | 42) 8.21 43 1 7 8 | 33/451 A | No No | 530} 1 No o}|o|o 
22] C | 165 | 2 |135.2 | S | 1(b) | 74 | 62 | 50 | 9.5) 43 | 10 | 12 | 44/45 | A | Yes | No | 880] 2 No 0; 0; 0 
23) A | 132'| 1 | 28.4) S | 1(d) | 55 | 41 | 41 {11.9 5% 10 | 12 | 50/45 | A | No | Yes |1410] 1 No 0} 0 {0 
23] C | 132i] 2 | 56.9] S | 1(a) | 83} 70 | 57 /11.9] 484 | 10 | 12 | 47/45 | A | Yes | No | 975) 2 | (10) | 31] 5 | 62 
23) D | 132 | 1 | 30.7] S | 1a) | 85 | 70 | 57 110.9] 5% | 10 | 12 | 50/45 | A | No j Yes {1195} 1 0 o/|olfo 
23} G | 182 | 2 | 65.0] S l(a) | 83 | 70 | 57 |10.9| 434%] 10 | 12 | 47/45} A | No | Yes {1270} 1 {1(mo,q)| 15 | 0 0 
23} H | 132 | 2 | 28.7] S | 1a) | 93 | 78 | 65 j12.9] 54% | 11] 12 | 50/45 | A | No | Yes |1175) 1 No 0o{| 940 
23} J | 132 | 2 | 89.5] S | l(a) | 83 | 70 | 57 |10.9) 43¢v| 122 | 12 | 50/45 | A | Yes | No |1000} 1 No o!|o]o 
23! K | 132 | 2 } 63.2 | S | ia) | 83 | 70 | 57 ]10.9) 5%r] 10 | 1 50/45 | A | Yes | No 1/1100] 1 No 0!o/]0 
23' L ! 132! 2 ' 18.1) S — ita) ' 76! 63! 50 12.9 5% ' 10 | 12 55/45 ' A’ No ' Yes '1620' 1 No o' o!o 


For Footnotes See End of this Table. Figure i on page 798. 
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TABLE 3—-LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv To 165 Kv Lines—Cont’d 


mine Line Operation 
ault Clearing (| 0 sare 7 
‘i Outages Due to Lightning Cases of 
Time (Cycles) One Circuit / Two Circuit E 
——$_—____———____ a 8 Considering 
2 Relays > oe 2» o >» Improvements 
3S j- = 5 oy 8 Blea wt, |"E wo 5 To Better Line re 
ae 5 2 2o 21 Saleris 4s Performance < 
BB Z |fy O Sc |B2)eh eS) e_| 33 4 
= fon Zio | oe 2 = o 2 + 1D © mn i sata lesiss/2t/ 25! 5% E | e 
Ez 9)53}8/381/21818)818)/8) 2) 8 | $8e8 ER es /ss/se) £2 § | 2 
Cn a) Al = ™ = ~ = = — ™ a ~ Aan (BORO RR |AR) On Oe |e 
28 ¢ 32 | 33 34 35 36 37 38 39 40 41 42 43 44) 45 | 46 | 47 | 48 49 1 2 
RR Tere vads cea 0 0 0 3 2 1 3 1 1.5 1 4 8 50 | No Yes 1 A 
T 4 } Beeneiasl eis seteosi| Oke ese ta [avatey Gd [lastopesor 17 5 8 12 28.7 0 Q FEO. ac ccvsilaai as oad, pondered oe 2 A 
T 4 1 1 FAS [AO eo aids haath sane aeateh eden 2 ) AA 
P-T* 1D, | syeeersil evevehorsi| YR ace loge eekeas oa 13 15 6 16 22 38.0 10) 0 1 Cot ie 0 on eareacee| (en Re e e es nEaRY 2, Bb 
P Oj Ped stall Seagal | olatedte Se ay: Cece bcos aoe 9 16 12 10 16 23.0 0 0 FE AOS ercrnecalece set wats ne he knee 2 Cc 
RR-Pt I bes Gavelli vada lees 260s eee hy yy 15 10 2 16 10 20.0° 0 0 BO seensth cc oie eebose hate ee in a 2 D 
HHS 10 | 0/9 | 0/5 | 0/14 | 0/6 | 0/6 | 0/8 0/10 | 0/11 ]0/15| 0/8 | 0/35.5 0 1 NS) 62 | No Yes-T 3 A 
RR 12 | 3/0 | 3/2 | 4/5 | 0/1 | 3/0 | 10/3 3/0 | 4/0 | 6/0 | 5/1 25/7 .3 0 0 M | 22 | Yes No 4 A 
RR 11 | 4/0 | 8/0 | 5/0 { 1/0 | 3/0 | 5/0 | 2/0 | 4/0 | 5/0 6/0 14/0 is) 0 M | 22 | Yes No 4 B 
RR ca teres peer 0/0 | 2/0 | 0/0 | 0/0 | 0/0 | 0/0 | 1/0 | 1/0 | 3.8/0 0 | 0 | M | 22) Yes No 4 ]/C 
RR Dilek <x 0/0 | 7/1 | 0/0 | 0/0 | 6/0 | 1/0 | 1/0 | 7/0 | 4/0} 14/0.5 | 0 | 0 | Mi 22 Yes No 4 D 
RR Wi tyes odes naseh ee ous 1 4 9. Oo | O | M {| 22] Yes No + E 
RR Mie Wiel eottins [id Seaioe aie ns-44) ance a.ce| Scans fesedsdee | oe ad bee ancats mts 4 22.5 0 O | M | 22 / Yes No 4 F 
RH 10 | 0/0 | 0/0 | 0/0 | 0/0 | 1/0 | 0/0 0/0 | 0/0 | 0/0 | 1/0 1.8/0 0 O | M i 28 | Yes No 8 A 
RR 9 | 0/0 | 2/0 | 1/0 | 0/0 | 0/0 | 0/1 0/0 | 0/0 ; 1/1 | 0/0 | 3.6/1.8 | 0 0 | Mi 28] Yes No 8 B 
RR 6 168 12 | 9 | 0/0 | 2/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/1 | 4.4/2.2 1 0 QO} M |} 281 Yes No 8 Cc 
RR 6 174 6 De We xcaeg 0/0 | 0/0 | 0/1 } 0/0 | 0/0 | 0/0 | 0/0 | 0/1 | 0/0 0/ 0 0 | M | 28 | Yes No 8 1D 
RR 12 150 122) 9 [eas O/1 | 1/1 | 1/0 | 0/0 | 1/1 3/2 | 3/1 | 3/1 | 2/2 | 5.4/3.5 0 0 M | 28 | No Yes-Cp. 8 1D} 
No 18 120 18 | 26 0 i) 1 2 0 3 2 4 1 7.20 0 0 iS] 35 | Yes | Yes-Cp. & Gr. Rds| 9 A 
LH 3 42 13] 11 1 3 4 6 5 1 1 5 3 2 3.9 0 O | H j 40 | Yes |Yes-Reduce Gr. Res.| 13 | A 
LH 3 15 13] 9 0 3 0 1 2 2 5 3 2 3 3.9 0 0 H | 40 | Yes |Yes-Reduce Cir. Res.| 13 | B 
LH 3 29 13 | 12 1 0 0 0 1 0 2 1 1 2 3.0 0 0 | M | 40 | Yes |Yes-Reduce Gr. Res.| 13} C 
LH 3 29 8} ll 0 QO | Mj 40 | Yes |Yes-Reduce Gr. Res.| 13 | D 
LH 3 29 8 TT Wey a walt avae es ee lceeee 3 0 1 1 9 6 7.1 0 O | Mj 40 | Yes No 13) DD 
No 1 60 8 10 3 4 | M | 40 | Yes No 14), A 
LR 5 No 16 | 14 2 1 0 1 ce] 2 0 i?) 0 0 1.9 0 0) Ss 42 | Yes No 15]; A 
No 5 No 16] 11 0 0 1 0 0 0 0 0 0 0 0.35 0 0 S | 42 | Yes No 15) B 
RR» 2 No 16 ie ees ence 0 0 1 0 0 0 0 0 0.41 0 0 8 42 | Yes No 15; C 
No 5 No Pr DL eee eday waded tale eaclleds 0 2 1 1 2 2.75 0 0 S 42 | Yes No 15} D 
No 5 No 1 el re 0 1 6 0 1 0 1 2 0 2.0 0 0 Ss 42 | Yes No 1] E 
RRb 5 No 5 0 Ve On: Sa | eee 0 2 1 2 0 1 1 i) 1 7.3 0 0 S | 42 | Yes No 15; F 
No 1 No 16) 13 1 0 0 0 1 0 0 1.0 0 0 H | 42 | Yes No 13] G 
No 1 No 16 | 10 | 0/0 | 0/0 | O/1 | 1/0 | 0/0 | 1/0 1/0 | 1/0 | 1/0 | 1/0 | 1.5/0.3 0 0 H | 42 | Yes No 15} H 
No 1 No 16 | 13 0 0 0 it) 0 0 0 0 1 0.9 0 0 H | 42 | Yes No 15 1 
HH 12 No 9 De ea Oe We ecalas 4 6 23 33 15 13 23 24 0 Pi ee ask al ae ae No 16] A 
Mere anne ak 7 42 ol ha fem PSs ePie ae Pee [Re a Renae eee aa NP (A 4 2 5.5 10) Oe | ee] BBE eek No 161 B 
LH 60 No 12 |; 14 7 7 2 v6 3 3 2 3 ig 9.5 0 0 H | 35 | No No 17/ A 
LH 60 No 12 | 12 1 2 2 0 0 0 2 1 3 0 4.0 0 0 H | 35 | No No 17/ B 
60 No 12 | 13 2 6 2 1 0 0 1 0 1 0 5.8 0 0 H | 35 | No No 17; C 
LH-P 81 No | 12] 7 [..secfecessdocaes 0 0 0 2 # 0 1 2.0 Oo ; O | H } 35] Yes No 17 | D 
P-T 31 No 8 BP ee ee loan Pulhie hotralen goace| odes lactsreell eeatol's bee es 1 0 2.2 0 0 H | 35 | Yes No 712Er 
27 No 12 | 12 1 2 0 0 0 0 0 0 0 0 3.8 0 0 H | 35 | Yes No 17 | F 
LH-P 60 No 12 2, fee Sreiene [Sista ten a acaee tain ertds| wes he ese 1 0 1.0 0 0 H | 35 | Yes No 7G 
LH 60 No Fe Ae ce tis| cace weds neleoe nel bea aaaoas 3 5 5.3 0 0 H | 35 | No No 17 | H 
INOS “esc saeco e see 2 12 1 3 0 0 2 1 0 it) 13.8 0 0 | M | 38! Yes No 18} A 
NO eenaelianes 12 | 0/0 | 3/0 | 0/0 | 2/0 | 0/1 | 0/0 0/0 /0 | 0/0 | 0/0 | 2.8/0.6 | 0 0 | M | 38 | Yes No 18/1 B 
NO dissnerlesraset 10 1/0 | 1/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 1/0 0/0 1.7/0 1 1 M | 38 | Yes No 18 | C 
NO® Sc scan[igwaens 11 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/1 | 0/0 | 0/0 | 1/0 | 0/0 | 1.1/1.1! 0 O | M | 38] Yes No 18 | D 
NOt: |e is eae lavas 10 0 1 0 4.4 0 0 | M | 38 | Yes No 18 | E 
BE eso 48s we oak De Se astlecsaihere,  Satved| darnes lasalell becouse alvaeoitoa doe 0/0 0/0 0 0 | M | 38! Yes No 18 | F 
No seavhee sk 12 7 1/1 | 1/0 | 0/0 } 0/0 j 0/1 | 0/0 | 0/0 | 0/0 | 072 1/0 | 3.0/4.0] 1 1 M | 38 | Yes No 18), G 
NOW. bia gedeboois ce 12 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 1/0 | 2/0 1/0 0 0 | M | 38] Yes No 18 
NOi~ UA celet oad 14 3 0 0 0 | M | 38 | Yes No 18 L 
Nor. eset |sacaak © oleate ue dat ee loosen hcp a ee 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 0 0 M | 38 | Yes No 18 
NG i cecicsne| oe pete a een Ores Deets eee eee 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 0 | 0 |} M | 38} Yes No 18} K 
NO™) | aecea linked. 9 | 0/0 | 0/0 | 0/0 | 1/1 | 1/0 | 0/0 | 1/0 | 2/1 0/0 | 1/0 | 1.0/0.4 | O 0 | M ! 38! Yes No 18; L 
No® Pinas oxleteds {iad (TAT eee 0/0 | 0/0 | 0/0 | 0/0 | 2/0 | 0/0 | 0/0 | 0/0 0 0 M | 38 | Yes No 18 | M 
NOL | fe teased eg ates 9 | 0/0 | 7/2 | 3/0 | 2/0 | 3/1 | 0/2 | 2/0 | 1/2 | 3/0} 1/0! 3 3/1.2 | 0 O | M | 38 | No | Yes-Gr. Rds. & Cp.| 18 | N 
LH 12 No 26 17 20 14 13 2 3 2 2 | M | 35 | Yes |Yes-Gr.Rds.&Gr.Wr.| 20 | A 
LH-FC 12 No 13-8] 3/0 | 4/0 | 1/0 | 1/3 | 0/0 | 0/0 | 0/0 | 0/0 0/0 | 1/0 | 2.3/0.7 | 0 0 | M | 35 | Yes No 20; B 
LH 12 No 18 | 16 14 17 23 6 10 13 7 6 4 26.2 1 1 | M | 35! Yes Yes-Cp. 20) C 
LH 3 No 10 0 3 1 2 0 2 5 0 4 1 4.7 0 0 | M | 35 | Yes Yes-Cp. 20; D 
LH 1 No 20 1 2 5 4 4 21 8 3 14 24 15.8 2 3 M | 35 | No | Yes-Cp. & Gr. Rds| 20} E 
No 3 3 18 | 23 2 0 0 2 1 2 0 1 1.8 Q 0 L } 25! Yes No 21 A 
No 3 3 1B Oo [asa te liana line Mcabe tao dliw was 13 28 | 13/5 |13/11| 8/11] 4.6/6.9/ 0 | 0 S | 25} No | Yes-Gr. W.-Cp. & T) 21} B 
No 3 3 208) Be | ee ctacel eeieg 5/0 | 0/1 | 0/0 | 2/4 | 3/4 | 0/0 | 2/1 | 3/5 | 2.8/2.4] 0 | 0 | H | 25] Yes No 21/ C 
No 3 3 20 | 18 0 0 0 1 0.44 0 1 H | 25 | Yes No 21 | D 
No 3 3 UG Vac. Sand Rearertecaeg baci (ener eee tl eRe (Pomel CO 6 7 3 9.8 0 1 L | 25} No Yes 21] E 
No 3 Ce et a) ered [pee 1/1 | 1/0 ; 2/1 | 5/1 | 2/0 | 2/1 | 1/2 | 4/0 2.2/0.7 | 0 0 | M {| 25 j No Yes 21) F 
LH 6 120 8 | 27 | 1/0 } 6/1 | 0/4 | 3/3 | 2/3 | 3/5 0/2 | 4/5 | 0/0 | 1/2 | 2.3/2.9 | Nil} 3 | M | 25 | No Yes-Cp. Inst. 1938 | 22 | A 
LH 6 120 8 | 17 | 4/3 | 13/7 | 10/6 | 8/4 | 4/4 | 16/3 6/5 | 4/1 | 4/3 | 8.7/4.5 Nil] 2 | M | 25 | No | Yes-Cp. Inst. 1938 | 22 | B 
LH 2 38 14 | 11 | 3/0 | 6/0 | 10/3) 13/4] 0/5 | 3/8 112/10] 1/3 1/3 | 3/4 | 3.8/3.0 | Nil] 1 M } 25 | No | Yes-Cp. Inst. 1938 | 22} C 
No 1 69 22. Ty Bo Wee gy chicwinds 0 3 5 13.2 0 0 S | 56 | Yes No 23 |) A 
RR 1 29 22 | 84s cata cosas 4/4 | 4/2 | 3/5 | 2/2 | 2/5 | 3/13] 5/4 | 0/5 | 4.5/8.0] 0 O |} M | 27 | Yes No 23 | C 
RR-T! 1 29 8 11 | 6.3 [10.1] 14.5] 11.3] 3.8 | 8.1 2 18.8 0 0 S | 55 | Yes No-T Now Inst. 23 |} D 
RH-T® | 3.5 20 8 | 11 | 5/2 )19/11] 7/4 (15/15] 4/2 | 5/2 | 15/1 | 5/2 | 32/8] 10/0/18 0/7.3; 0 | O S | 53 | Yes |No-T&Cp. Now Inst} 23 | G 
RH 1 29 8 11 | 1/1 | 6/3 | 2/3 | 6/2 | 0/0 | 3/4 3/3 | 1/3 | 3/4 | 4/0 0 0 S | 54 | Yes No 23 | H 
RR 1 35 8 D,| [aseiend'in|aveat eve [lary we4-a+| cw onara Tenatecdea 4/1 | 9/0 | 3/0 |} 5/1 | 6/4 6/1.3 0 it) H | 43 | Yes No 23 J 
RH 1 41 8 La ne 0 3 16 3 5/1 | 5/1 | 5/1 | 6/0 | 4/3 | 8.3/1.9 0 0 H | 441 Yes No 23 | K 
No 1 35 8 We Np cine al s Mision Gtee Cuba iain by dae 3/6 1/1 3/1! 4/4 :'13.8/16.5' O 0 S i 54 | Yes No 23 L 


For Footnotes See End of this Table. Figure 1 on page 798. 
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TABLE 3—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv To 165 Kv Lines—Cont’d 


Line Construction | Lightning Protection 
say ~a Counter- Ground | Gr. Res. of 
tae a ; w 
3 Cee Ed Insulators mer Poises Rods | Structures 
ai lifvesils Seal hermes eRe yo. z 
s 3 n Mince) ao Number 5 e 3 2 3 3 r 5 7 i Avg. Max, 
by me os & 2.0) ese }sO Pe Enia - a 2 2 jee 
S a| & | * o Be) ng gen | | 25 ie |z 3 Bol SBsbes : : 
3 2 peal | — wel 28 F ae. 1s. - = | S Z, ° taal on P= ro 
a = nD ah 3) . Be) Be : re SAplge S ee ee od a - | 5 & me) 
zi 2 3 2 z g 3 a2{d]os1]73$/] 93s a i) gVe|aE I sa | ws] 6 F 3 7 So] Ou} SF of 
o| .& = & ira 3 5 Cha ene o | #5) Ss a - | Zoo lok 5 mS leo} 6 to ° 5 ww | SS] SA] Se 
oO; x ~ 10 a n n BH) A} A |OA ne] A QA | OfO [Oa; « PA [aC] 0 & Sl a || ao] a0 | 2§ 
1 2 3 4 5 6 ts 8 9 10 {| 11 12 13 l4 15 16 17 18 I 20 21 22 23 24 25 26 27 
23) M 132 2 28.9 8 I(a) 83 | 70 | 57 |11.9| 5% 10 12 50/45 | A No Yes | 840; 1 No 0 0) O |..... 
23| N 132 | 2 {| 80.6] 8 l(a) 83 | 70 | 57 |11.9] 5% 10 12 50/45 | A No Yes | 930) 1 No 0 0 Oras, 
23] O 132 1 41.2] 8 l(a) 93 | 78 | 65 ]12.9} 534 9 11 50/45 | A Yes Yes /1160; 1 No ie) ia) (nn 
23] P 132 2° | 73.0] § l(a) 83 | 70 | 57 |10.9} 43¢ 11>] 12 47/45 1 A Yes No /|1320) 1 No 0 0 0 7.38 
23/ R 132 | 2 | 21.8] 8 l(a) 83 ; 70 | 57 110.9) 434 1 12 50/45 | A Yes No /1160) 1 No 0 0 0 3.5 
23) S 132 | 2 | 80.6| S l(a) 83 | 70 | 57 {11.9 5% 10 12 50/45 | A Yes No |1065] 1 No 0 0 2 0 E08 eee 
23} U 132 | 2 |167.8) S 1(a) 83 | 70 | 57 |10.9) 434%) 11 12 50/45 | A Yes Yes /1240] 1 No 0 0 Di [Bee [eine cue] eeien 3 
23) V 132 1 37.4 S) 1(a) 85 | 70 | 57 |10.9| 514 10 12 50/45 | A No Yes |1200; 1 No 0 0 UPB Bias coal Cen 3 
23) W 132 2 42.9 fs) 1(a) 83 | 70 | 57 110.9] 434 12a 12 50/45 | A No Yes {1130/ 1 No 0 0 a ed) eee oma 
23) X 132 1 51.8] S l(a) 83 | 70 | 57 j11.9) 5bg 10 12 | 50/45 | A No Yes |1180/ 1 No 0 0 0 121.7 ie : 
23[ AA | 132t] 2 | 35.0] S I(a) 83 | 70 | 57 |11.9] 51% 10 12 | 50/45} A Yes No [1180) 1 No 0 0 Ge | ns GRAN Sard aes 
23) BB | 132 1 39.8 | W 1(d) 35 | 35 | 35 |....| 534 10 TQ" || Acad ba A No Yes | 955) 0 No 0 0 Ol) [sr gri cil Sie at Bl eared e 
23} CC | 132 | 2 | 47.9 | S l(a) 85 | 70 | 57 |12.9) 5% 10 12 | 50/45) A No Yes {1260} 1 No 0 0 Ow io eae Mere sesce: | or 
23] DD | 132 1 38.9 8 I(a) 83 | 70 | 57 |11.9] 5% 10 12 50/45 A No Yes j1170] 1 No 0 0 UAE re 0 rie ane anal 
23) EE | 132 | 2 } 23.6) S | l(a) | 83 | 70 | 57 112.9) 5% 10 12 50/45 | A No Yes |1240) 1 No 0 0 O Pooch evap dl, widow 
23] FF | 132) 2 | 40.5 | 8 l(a,l) | 88 | 70 | 57 113.0} 434%! 10 12 | 47/45 | A No Yes [1370] 1 No 0 0 Oe | 1059) ese anal vate ne 
23] GG | 132 1 47.9 iS} l(a) 84 | 70 | 57 112.5)... 0). dpe eee A No Yes 1 No 0 0 0 GO se etatte nell nad aca 
23; HH | 132 | 2 | 38.0; S$ 1(a) 83 | 70 | 57 |11.9| 5% 10 12 50/45 | A Yes No 960( 2 No 0 5 52 | 24.5).....51...... 
23] IL 1382 1 65.4 Ss l(a) 83 | 70 | 57 /10.9! 534 9 lL 50/45 | A Yes Yes {1150} 1 No 0 0 0 eds We crssevead tears ai 
23) JJ 132 | 2 4.9} 58 I(a) 83 | 70 | 57 |10.9! 53¢ 9 Il 50/45 | A Yes No /|1060; 1 No 0 0 Qo Leone e lat ave 
23] KK | 132 | 2 | 55.0| S 1(b) 70 | 58 | 46 | 8.8] 43¢ | 10 12 4 42/46) Oia cowl a tee 595} 2 No 0 0) 0 
23} LL | 132+} 2 18.5 | S I{a) 83 | 70 | 57 |11.91 5% 10 12 50/45 | A No Yes | 640] 1 No 0 0 0 
25) A 132 | 2 | 30.8; S 1(a) 70 | 58 | 46 | 8.35} 434 | 12 13 | 42/60; A Yes No 14] 1 No 0 0 0 
25| AA | 132 2 27.6 Ss 1(b) 68 | 55 | 42 112.3) 53¢ Mt 13 48/45 | C No No 800} 2 No 0 0 0 
25) B 132 2 (119.6 | Sw! 1(b) 7 54} 40 120.5) 53¢ ll 13 66/45 | C No No 830] 2 No 0 0 ; 0 
25; C 132 1 |135.5 | W 1(j) 33 | 33 | 33 10.0] 53¢ | 11 13 | 42/45 | A Yes No 524} 2 No 0 x 10 
25| E 110°} 2 (143.61 8 l(a) 70 | 60 | 50 | 8.3) 53¢ 9 8 36/45 | C No No 755] 1 No 0 0 0 
26, A 132 45 / 31.51 8 1(f) 88 |....} 72 |18.9] 5 12 14 49/54 | A Yes No 930} 2 1({n,r) | 93 0 0 
27, A 115 | 2 | 29.6] S$ 1(b) 60 | 50 | 40 /11.0] 5 8 10 | 46/48 | A No No 528} 2 No 0 0 0 
29) A 130 | 2 | 54.7] 8 1(d) 72 | 59 | 46 /10.3] 43¢ 10 12 | 30/45 | C No No 698] 2 No 0 0 0 
29; B 130 | 2 | 79.5] S 1(d) 72 | 59 | 46 |10.3] 43¢ 10 12 | 30/45 | C No No 633] 2 No 0 NOY AD asd ll here ecw rene 
29] C 130 1 54.6 | W 1{}) 41 | 41 | 41 | 6.3} 43¢ | 10 12 | 35/45 | C No No 546) 2 No 0 1 TOO 3 catalfersenacotsdisi ait ds 
29; D 130 1 79.8 | W 1(j) 4l | 41 | 41 | 6.3} 4384 10 12 35/45 | C No No 513] 2 No 0 1 WOO ES areeesil ce cea de eiararars 
29) E 130 1 82.1; W 1(j) 41 | 41 | 41 | 7.3) 5% 10 12 41/45 | C No No 612) 2 No 0 1 LOOs eee 82 oe Sle aves 
29| ¥F 130 1 9.61 W 1(j) 41 | 41 |} 41 | 6.3] 434 10 12 35/45 | C No No 475) 2 No 0 1 100i saolea easel tered 
30) A 110 | 2 | 21.0] § 1(b) 58 | 49 | 41 | 5.6) 53¢ 7 9 42/45 | C No No | 483; 1 No 0 No OF hawks sneer 
30) B 110 | 2 j; 21.0 | S |} l(a,b) | 58 | 49 | 41 | 7 534 7 9 42/45 |C-Al No No 476) 1-2 No 0 No W:5 (Ie, cea aN ans secstael| asitera cae 
30} C 110 2 56.0 | 8 1(b) 58 | 49 | 41 | 7 5% 7 9 42/45 | A No No 508] 2 No 0 No ON [is cacue| She tush ek ee 
30; D 110 | 2 |109.0! S 1(b) 58 | 49 | 41 | 7 534 7 9 42/45 | A No No 558] 2 No 0 No Oo | ectinans, aaucsdenost|ouearicace 
30} E 110 | 2 {| 71.5] S | ifa,b) | 58 | 49 1 41 | 7 534 7 9 42/45 | A No No | 485] 1 No 0 No Qe sae eae end ets 
31) A 132 1 80.9 | W 1(j) 40 | 40 |} 40 | 8.1] 5% 10 12 | 76/45 | C |...... No 588) 2 No 0 No 
31; B 132 1 {111.0 | W 1()) 42 | 42 | 42 ]....| 534 9 11 79/45 | A Yes No | 587] 0 No 0 1 
32) A 120 2 38.1 iS} 1(a) 81 | 71 | 61] 8 5 9 10 42/45 | C No No 800} 1 No 0 1 
32; B 120 2 55.5 5 1(a) 84 | 72 | 60 | 8.3] 5 9 10 42/45 | C No No 720| 1 No 0 No 
32] C 120 2 18.1 8 l(a) 84 | 72 | 60 | 8.5) & 9 10 42/45 | C No No 700} L No 0 No 
32) D 120 | 2 13.3 | 8 l(a) 81 | 71 | 61] 8 5 9 10 | 42/45 | C No No { 740] 1 No 0 No 
32) E 120 | 2 | 35.5 | 8 1(a) 81] 71 | 61] 8 5 9 10 | 42/45 | C No No 730) 1 No 0 No 
32) F 120 2 25.8 | 8 I(a) 81] 71 / 61/8 5 9 10 42/45 | C No No 740) 1 No 0 No 
32! G 120 2 16.1] iS} l(a) 81] 71 | 61/8 5 9 10 42/45 | C No No 740| 1 No 0 No 
32; H 120 2 3.6] 8 I(a) 81 | 71} 61] 8 5 9 10 42/45 | C No No 600) 1 No 0 No 
32| I 120 2 15.2] 8 1(a) 81 | 71 | 61] 8 5 9 10 42/45 | C No No 630) 1 No 0 No 
32) J 120 | 2 14.5] 8 J(a) 81 | 71} 61] 8 5 9 10 | 42/45 | C No No 680; 1 No 0 No 
32) K 120 2 20.7 Ss l(a) 81 | 71} 61] 8 5 9 10 42/45 | C No No 530; 1 No 0 No 
32] L 120 2 17.7 Ss 1(a) 77 | 66 |} 55 | 8 5 9 10 42/45 | C No No 470) 1 No 0 No 
34) A 110 1 71.6 | W 1(j) 44 | 44 | 44/8 53% 7 Ty Weve secs Cc No No 692| 2 No 0 1 
34) B 110 1 84.1) W 1(j) 48 | 48 | 48 | 9.5] 6% 8 12S le eget A Yesy| No 902| 2 No 0 1 
34] C 154 1 89.5) W 1(3) 34 | 34 | 34 | 8.5] 534 10 12 eae Pate Cc No No | 453] 2 No 0 1 
34] D 110 2 48.61 S 1(b) 63 | 53 | 43 | 7 5% 7 Biol Riaele ss Cc No No 645] 2 No 0 No 
34) E 110 1 |129.3 | S 1(1) 56} 56 | 56 /12 54% 10 VW [vices A Yesy| Yesy} 970) 2 No 0 No 
34| F 110 1 97.4 | W 1(j) 49} 49 | 49! 8 534 7 12 wees) A Yes No 828) 2 No 0 1 
34; G 110 1 38.6 | W 1(j) 36 | 36 | 36 | 7.9) 5% 7 Be eis sess A No No 713) 2 No ie) 1 LOOM -a9:415.f ete toll eae 
34 H 110 1 4130.0 | W 1()) 52 | 52 | 52 | 8.3] 53% 8 Or, ieee a meen A Yesy| No 850] 2 No 0 1 LOO) ae eaae oie Bee 
34) T 110 1 58.8 | W 1()) 45 | 45 | 45 | 6.5) 6% 8 1l 47/30 | A Yes No 910] 2 No 0 1 TOO]... fee eden wees 
34/ K 110 | 1 338.3] S 1(a) 66 | 56 | 46/1 8 43% 7 9 56/30 | C No No 679] 0 No 0 NO: [02 bes isedse facta ae ie [scence 
34) L 110 2 87.8 | S 1(b) 60 | 51 | 42 | 7.3] 434 8 12 35/30 | C No No 615] 2 No Q No (0nd Grates (emrerer acces Revere 
34) M 110; 2 | 55.9} 8 1(a) 66 | 56 | 46 | 8.1! 434 7 9 47/30 | C No No 663] 1 No 0 No 
N 2 2158 2.61 5 9 A Yes No 999; 2 No 0 No 
0 1 5] 8 5.5) 43¢ 11 Cc No No 603] 0 No 0 No 
A 2 9/58 9.3] 434 9 Cc No No 810] 1 No 0 No 
B 1 7158 31 434 9 A No No _ | 9401 1 No 0! No 


* Taken from ‘‘Lightning Performance of 110- to 165-Kv Transmission 
Lines” by A.LLE.E. Lightning and Insulator Subcommittee, 4.1.E.E. 
Transactions, pp. 294-306, June, 1939. 

1RR-Ring and Ring; RH-Ring and Horn; LH-Line Horn Only; HH- 
Horn and Horn; P-Thomas Spoons; T-Protector Tubes: LR-Line 
Ring Only; FC-Flux Controls; FB-Fast Reclosing, High Speed 0.C.B. 

2 S-Severe; H-Heavy; M-Medium; L-Light. 

3 One Circuit Only. 

‘ Two Single Circuit Lines on One Right of Way. 

5 Outside Conductors Only—Center Conductor 8 Units. 

¢ Two Per Circuit. 


7 Dead Ends Only. 

® Lines 15A and 15B on Same Towers (279 Towers); 15A Alone on 37 
Towers. 

sQne Ground Wire Per Circuit. 

>bTop Conductor Only. 

¢ 15D and 1515 on Sume Towers for 198 Towers. 

42 to 3 Ground Rods at Towers with Concrete Anchors Only. 

* Ground Rods Installed April, 1937. 

{ Line in Two Sections—1 Circuit 29 Miles / 2 Circuit 9.2 Miles. 

2 On Counterpoise Section Only. 

b 25 Cycle Single Phase. 


Appendix T95 
y 
TABLE 3—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv To 165 Kv Lines—Cont’d 
= s Line Operation 
ault Clearing a 
rer ig Outages Due to Lightning Cases of 
Time (Cycles) One Circuit / Two Circuit —_- E 
a 3 Considering 
i Relays os ~~ = 6 es, Improvements 
33 # , Ss | Eig | wl eo 05 To Better Line 
PAS a a Sle 3 23 (AZ 8, eels | se Performance 2 
Pas P| 5S. |e |Fe OS ;esleg) esis | 2 a 
3a ad 4s la }Ss] o rary ° = a 2 x 1g 2 & sav a |Sel(SslZe/ 2S) SB 2 Q 
a2 25 5,0 /3s| 2 a a a Bel 4 a 8 a 3 Pees Beles|es/oR| 28 a] 4 
ice Ae! aS 16 lAAl RB i ci g eH S — = aH 3 Bare [MOO /4e/44| On Oo13 
28 29 30 31 | 32 33 34 35 36 37 38 39 40 41 42 43 44 | 45 | 46 | 47 48 49 1 2 
RR 1 46 8 (Tie Dare 1/0 | 2/0 | 0/0 | 0/1 | 0/0 | 2/0 | 1/0 | 3/1 |} 3/0 | 4.6/0.8 (0) 0 H 45 | Yes No 23°) M 
RR 1 29 ae (ee eo 5/1 ; 6/3 | 2/0 | 3/1 | 9/1 | 4/0 | 4/2 | 3/0 | 11/0} 6.5/1.1 | Oo | O | H | 46 | Yes | No-FB Now Inst. | 23 | N 
RH 1 4] 8 10 7 9 1 6 5 ll 0 (ca are cory eee: 13.6 0 9 H | 41 | No |Yes-Gr.Cp.Inst.1938) 23 | O 
RH-T« 1 41 8 | 13 | 10/2] 9/2 | 1/3 | 3/5 | 3/2 | 2/4 | 16/9 | 14/9} 6/0 | 12/1] 10.4/5.0] 0 o |S | 45 | Yes No 23 | P 
RR-RH 1 18 8 13 2 1 0/0 | O/1 | 0/2 | 1/1 | 0/4 | 2/0 | 5/8 | 2/0 | 6.0/6.3 | oO 0 S | 46 | Yes No 23) R 
RR 1 24 8 Br | s26 18340 3 3 5 3 9 5/3 | 7/2 | 8/2 | 11/6} 7.8/3.3 0 0 H | 45 | No | Yes-Gr.-Cp.-T-FB | 23 Ss 
RR 1 29 8 12 | 5/7 | 24/3} 11/1] 19/4] 8/5 | 10/4 | 13/3 | 10/6 | 11/4] 11/7} 7.7/2.6 | o 0 Ss 50 | Yes No 23 | U 
RR-T 1 41 8 ll | 7.6 | 12.1]17.5| 13.7] 4.5 | 9.7 1 3 7 12 23.4 (9) 0 NS] 55 | No Yes-T Revamp 23 / V 
RH 1 29 8 12 | 6/4 | 11/5} 8/3 115/11) 4/6 | 3/2 | 7/9 | 6/2 |23/20|10/15|21.7/18 0] oO 0 S | 54 | No Yes-Gr.-Cp.-FB 23 | W 
RH 1 41 8 10 5 13 7 9 7 6 13 2 19 4 16.4 0 0 S | 56 | Yes No 23; X 
RR 1 24 BO FO ewan |se eel Cates 4/5 | 2/2 |} 4/3 | 2/1 | 1/1 | 8/0 | 2/4 | 9.4/6.6 | 0 | O S | 51 | Yes No 23; AA 
No 1 18 8 ae Pee Cee u 17 7 7 19 17 21 20 37.2 0) 0 S | 541} No Yes-Gr.-Cp. 23 | BB 
RH 1 41 8 10 | 16/2; 11/9} 7/1 | 10/7; 8/8 | 6/7 | 3/9 | 6/6 | 13/7) 9/7 {18.6/13.2| oO 1) S | 54) No No 23 |} CC 
RH 1 24 8 10 5 16 9 21 16 9 6 16 22 5 32.2 0 0 S | 55 | No Yes-Gr.-Cp.-FB 23 | DD 
RR 1 41 8 OP rer secs, 4/3 | 1/2 | 3/1 | 1/1 | 1/3 | 3/1 | 5/4 | 11/8] O/1 |13.6/11.2) 0 0 S | 53 | Yes No 23 |) EE 
RH 1 41 8 12 | 12/1111/4] 4/1 | 5/5 | 2/0 | 11/3] 8/5 | 0/2 | 11/2} 1/3 | 16.0/6.4| oO (3) S | 54 | Yes No 23 | FF 
T 1 29 8 Qe | sie sland idee es Loved sel] deeds all Pee ean Sa [etnies 2 1 0 2.1 0 0 8 52 | Yes No 23. 1GG 
RR 1 35 8 le pee peer 3/0 | 0/4 | 2/2 | 5/4 ; 6/5 | 6/1 | 3/3 | 4/2 | 9.5/6.9 |} O 0 H | 40 | Yes No 23 | HH 
RH 1 24 8 Bi lregemare 7 3 10 7 6 8 3 4 7 9.3 0 0 H | 42 | No Yes-2-Circe. 1938 23 | Il 
RH 10 35 8 | 13 | 0/0 | 1/2 | 1/0 | 0/0 | 2/1 | 0/0 | 0/0 | 2/0 | 0/1 | 1/0 | 14.3/8.2] 0 0 | H | 41 | Yes No 23 | JJ 
HH 1 29 22 | 22 1.5/0.7 | O 0 | M | 45 | Yes No 23 | KK 
RR 1 18 22) 8 6.8/2.0 | 0 0 H | 45 | Yes No 23 | LL 
RR Inst 102 8 13 6.4/1.2 | 0 0 8 55 | Yes No 25 | A 
RR Inst 90 8 | 8 010 S | 55 | Yes No 25 | AA 
No Inst. 24 8 7 0.12/0 0 0 S | 55 | Yes No 25 | B 
No Inst. 24 8 De soci see eeicccreass' esha 0 0 1 1 0 0 0 0.21 0 0 S | 55} Yes No 25 | C 
HH 18 No |....] 26 | 6/0 | 2/0 | 0/0 | 2/1 | 6/0 | 0/0 | 5/0 | 2/0 | 2/0 | 1/0 |1.8/0.07| 1 1 S | 55 | Yes No 25] E 
No 12. 90 8 BE | i neat aug igid 2) Sun Seet ol [ ibe oie F'l ate bso Sl acetate Lace ae 0 0 0 1 0 1 H | 35 | Yes No 26] A 
LH 18 Sl jE) Ve ae Peres eae ae 0/0 | 1/1 | 0/1 | 2/2 | 1/0 | 1/0 |} 0/0 | 1/0 | 2.1/1.7 | oO 0 H | 45 | Yes No 27 | A 
LH? 28 Inst. | 12 | 24 | 0/1 | 0/0 | 0/1 | 0/0 | 0/0 ; 1/0 | 0/0 | 0/0 | 1/0 |} 1/1 | 0.6/0.6 | 1 1 M | 35 | Yes No 29]; A 
LH3 36 Inst. 14 | 24 | 0/0 | 0/0 | 1/1 } 0/1 | 0/0 | 1/0 | 0/0 | 0/0 | 0/0 | 1/1 | 0.4/0.4 | 0 oO | Mj 35 | Yes No 29 | B 
No 23 Inst. 13} 20 0 0 0 0 0 0 0 0 0 0 0 (0) 0 M | 35 | Yes No 29; C 
No 34 Inst. | 22 | 20 1 0 0 1 0 0 0 0 1 1 0.5 0 0 M | 35 | Yes No 29 | D 
No 30 No 10 | LL 10) 0 1 0 0 0 0 0 3 0 0.5 1 1 M | 35 | Yes No 29) E 
No 41 No | 14) 14] 0 0 0 0 0 0 0 0 0 0 0 0 | 0}; M | 35 | Yes No 29 | F 
No 5 an eer 8 1G 5) ice eed vs at lla cred ote atetngt basa ds 9/0 | 0/0 | 1/0 | 2/0 | 0/0 ; 11.4/0 0 Oo | M | 30 | Yes No 30 | A 
No To” head 8 8 lisa velcesa|eobialosses feces 1/0 ; 0/0 | 0/0 } 1/0 | 0/0 | 1.8/0 0 | 0 }|M jj 30} Yes No 301 B 
No a eoerrecre 8 De hetee Shs | S85 noee tl sos euel| areteane 0/0 | 1/1 | 0/1 | 0/0 | 0/0 | 0.4/0.7 | 0 0 | M/} 30] Yes No 30} C 
No Tie Whindeteass 20 ID ha awk 2 exmada eee Laened 7/5 | 7/1 | 6/1 | 0/2 | 11/3] 5.7/2.2 | oO 0 | M | 30 | No No 30 | D 
No I [isues 2O/ PE be gece | ccd Seed o'|'s alee bere eas 8/0 | 2/1 | 2/3 | 1/0 | 3/1 | 4.5/1.4 | 0 | O | M | 30} Yes No 30 | F 
No 20 Inst. Co hl: eveie le pais octal erdl natal Seed Ge Lyle] oa Seese 1 1.2 0 0 L | 25} Yes No 31) A 
No Inst. 45 3 UT jifee edints Vs scnthacotf shiovicace’| Wsacatebi| (a Sreeatel| d apepha| fh Seva Seatas tasparcn eed 0 0 10) 0 L | 25 | Yes No 31) 8B 
No 2 17 5 14 | 8/0 | 5/2 | 1/0 | 2/0 | 1/1 | 2/0 | 1/0 | 0/0 | 0/1 | 5/3 | 6.6/1.1] 0 2 H | 35 | Yes No 32 | A 
LH 2 15 5 10 2 1 3/0 | 3/0 | 2/0 | 7/0 | 4/0 | 1/0 | 2/0 | 3/1 | 5.6/0.2 1 1 H j 35 | Yes No 32 | B 
LH 2 26 5 11; 1/0 | 1/0 | 0/0 | 0/0 | 0/0 | 1/0 | 0/0 | 0/0 | 4/0 | 2/0 5.0/0 0 0 H | 35 | Yes No 32} C 
LH 2 32 5 14 | 7/0 | 3/0 | 1/0 | 1/0 | 1/0 | 0/0 | 0/0 | 0/0 | 0/0 | 2/0 } 11.3/0 0 0 H | 35 | Yes No 32 | D 
LH 2 36 5 14 | 9/0 | 1/0 | 1/0 | 3/1 | 4/1 j 1/0 | 2/0 | 2/0 | 1/0 | 4/1 | 7.9/0.8 | O 0 H | 35 | Yes No 32 | E 
LH 2 33 5 | 13 | 2/0 | 2/1 | 1/0 | 1/0 | 2/1 | 1/0 | 2/0 | 0/0 } 2/0 | O/1 | 5.0/1.2 1 1 H | 35 | Yes No 32] F 
LH 2 19 5 13 | 1/1 | 0/0 | 1/0 | 2/0 | 3/1 | 1/0 | 2/0 |} 0/0 | 1/0 | 7/1 | 11.2/1.9} 1 1 H | 35 | Yes No 32|G 
LH 2 22 5 14 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 0 0 H | 35 | Yes No 32) H 
LH 2 24 5 14 | 2/0 | 0/0 | 0/0 } 1/0 | 0/0 ! 1/0 | 0/0 | 1/0 | 4/0 | 0/0 5.9/0 1 2 H | 35 | Yes No 32) 1 
LH 2 24 5 12 | 2/0 | 0/0 | 0/0 | 2/0 | 0/0 | 0/0 } 0/0 | 1/0 | 0/0; 0/1 | 3.5/0.7 | 1 3 H | 35 |) Yes No 32 | J 
LH 2 27 5 12 | 2/0 | 2/0 | 1/0 | 0/0 | 0/0 | 1/0 | 0/0 | 2/0 | 4/0 j 3/1 7.3/0 2 2 H | 35 | Yes No 32 | K 
LH 2 27 5 | 10! 0/0 | 1/0 | 0/0 | 2/0 | 0/0 | 1/0 } 0/0 | 2/0 | 0/0 | 1/0 | 4.0/0 oO | 0 | H j 35 | Yes No 32) L 
LH 1 75 8 | 13; 22 6 2 4 5 3 8 0 11 3 9.0 Oo | 2 | M | 68! Yes No 345A 
RRy 1 70 8 ae eee 5 1 2 1 1 1 1 1 6 2.5 0 i} H | 68 | Yes No 34; 3B 
LH I 60 8 ll 10 6 7 4 7 9 6 L 12 7 8.4 3 10; H | 68 | Yes No 341; C 
LH 1 50 8 | 24 {17/11} 9/4 | 6/6 {3/11| 7/2 | 1/4 {11/30} 2/7 | 4/13} 7/9 | 13.8/20 | 18 | 31} H | 68 | No Yes 34 | D 
RR 1 60 8 10 | 37 14 7 17 18 19 23 15 38 17 15.9 0 5 S | 68 | Yes No 34} E 
LH 1 60 8 11 23 10 19 23 24 18 31 15 39 21 23.0 7 14 S | 68 | Yes No 34; F 
LH 1 50 8 | 15] 11 7 9 8 6 7 15 7 4 7 23.4 2 5 H | 68 | Yes No 34 1G 
LH 1 15 8 12 | 23 17 8 17 13 8 14 11 7 12 10.0 0 4 S | 68 | Yes No 34 | H 
No 20 No 18 Ce erence (erase 6 2 0 2 3 0 5 6 4.9 0 (0) H | 65 | Yes No 34 1 
No Inst. No 18 | 14 | 34 19 18 25 25 12 18 15 42 25 61.0 0 0 H | 65 | No No 34 | K 
No 10 60 18 | 25 | 7/6 | 6/1 | 10/2| 4/7 | 6/3 | 4/4 | 10/6] 3/4 | 27/8] 4/1 | 9.2/4.4 | 7 1 M | 65 | Yes No 34.) L 
No Inst. 50 18 | 14 | 21/7 | 28/5 |11/23] 6/11 |14/17)12/12)19/21] 5/5 |20/31} 7/13 |25.7/26.0) 13 6 Ss 65 | No No 34 | M 
(s) 15 60 Cae eal epee: eens ees 4/0 | 4/1 | 5/1 | 5/3 | 5/1 | 11/1) 7/1 | 27.7/5.4] 3 1 1M | 65 | Yes No 34, N 
No Inst. 90 8 13 | 56 24 27 37 29 13 46 16 50 41 22.8 0 4 S | 65 | No No 34 | O 
LH 3 No Ades bace 3% 4/2 | 2/4 | 4/3 | 6/2 | 7/1 | 3/1 | 1/4 | 2/3 | 4.9/3.4 | 1 2) H | 45)..... Yes-Gr. Rds. 35; A 
No 5 No BANU paces scacey 2 2 2 6 2 2 4 0.9 0 Oo!'H!45l..... Yes-Gr. Rds.-Cp. | 35 } B 


i Built for 132 Kv.—Operated at 44 Kv. 

i Built for 132 Ky.—Operated at 66 Kv, 

* After Installing Ground Rods But Before Counterpoises. 

1 Protector Tubes Installed Spring of 1934 and Ring and Rings Removed. 

= Protector Tubes Installed on One Circuit Summer of 1933—Rings and 
Horns Removed from This Ciruit. 

2 Top and Middle Phases Only; Bottom Phase 10 Units. 

© Single and Double Circuit Outages Not Segregated. 

Pp 25 Cycle Line. 

4 Built for 132 Kv, Operated at 33 Kv. 


‘One Circuit with Protector Tubes—and Sectionalized at Mid-Point— 
Protector Tubes Installed September, 1935. 

* Protector Tubes Every Fifth Tower. 

t Rings and Rings One Circuit—Spoons on Other Circuit. 

4 Line 2AA and Continuing 2A Line Included Together as 38.8 Miles. 


v Some Longer Spaced Units in Use. 


~ Wood Arms. 


x As Required to Reduce Resistance to 60 Ohms or Less. 
y On Part of Line Only. 


* Ground Wires on 67.3 Miles Only. 


TABLE 4—LIGHTNING PERFORMANCE AND DESIGN FEATURES OF 220-Kv LINES* 


| Towers insulators Conductors Wire Sag tnsul.Arcing 
Line Gr. Wire Devices 
Name of C u 83/3 Z2) z = vg | #2 [RE 
lame of Co. ine S| Bis “we =u 2 sa! eo S, 2 
Ref. Reporting Designation #2 sz & Be ae a] alk ae pa =n bee Z| 5 z3 sé 3 a s z#, |5 in 
Se (2=/ 3 lss/se) 2 | 2. (23) 83] $2 [.2) 5) 2/02) | Ss|eel(@2| 32 g 3 15s as 
2a |es| ~ |83/58 5 Bx%)e3i oF 82 |82) 2/|§lse] =| <8] 8 Py as 2= £ jxs| & |S 
&= |Se| 2 |sajSé| 2 |Pelet! 24) a> loz) 2] zZ las) 21 Sa) 8a les) 23 23 a (28) 2 |gF 
a 2 = 3 a (8 (eat) a ase ae | 9 | 20] ae 2 FE (25 |e a 
1 |New England Pwr. (Fifteen Mile Falls— | = Mountains |Rock-Clay aM 
Serv. Co. Tewksbury 9-30-30)126.4) 2 } 2 | 231} 1127 | 1(c) | 590) 15/17] 53% T95|ACSR| 2 (4%4"| S 12 16 | 800) and Hills | Sand a 24 | Rings 179.5 
Shawinigan Water 1) Hills (3) ay. 
and Power Co. —|No. 25-26 8- 6-27/135.3) 2 | 2 | 190 | 796 | 2Ci) | 910] 10/12/434/554| 397/ACSR) 2 |%e"| S | 17 | 20 |1000] Rolling | Gravel |Moderate) 15 | Horns {47.5 
3 — 
Shawinigan Water Hills Roll- | Rock 
and Power Co. No. 31 l= ~38/108.1] 1 1 | 240 | 538 | 1c) {1060| 16/16} 5/534 | 795;/ACSR] 2 |%e’") S 24 29 | 600! ing Flat Sand |Moderate! 15 | None | — 
4 [Shawinigan Water Rolling [Rock Clay ae 
and Power Co. —|No, 35 jl 40) 74.3) 1 | 2 | 200; 388 | 1c) /1010] 14716) 5/5% G0S/ACSR| 2 |%e"] S | 25 | 26 | 200] Flat Sand Moderate] 15 | None | — 
5 |Philadelphia \Conowingo-Plymouth— facet tie ae ie 
Electric Co. Meeting 3- 5-28] 57.7] 2 1 | 220] 261 | 1(c) {1170/16/18} 594 T95}ACSR] 2 | 184/ACSR| 29.2 | 34.8 | 360| Rolling {Rock Clay|Moderate; 35 | Rings |83 3 
6 [Philadelphia Plymouth Meeting— | ras 
Electric Co. Siegfried 2-18-28] 9.9) 1 1 | 220 57 1(c} | 916] 16/18; 5% T95}ACSR| 2 | 184/ACSR] 18.4 | 21.9 | 300) Rolling {Rock Clay|Moderate] 35 | None | — 
6A |Pennsylvania Pwr. |Plymouth Meeting— Flat Severe 
& Light Co. Siegfried 2-18-28| 38.8) 1 1 | 220] 186 | 1(c) |1100] 16718] 5% T95|ACSR| 2 | 184;ACSR] 29.0 | 43.0 | 500] Rolling Rock Clay|Moderate| 35 | Rings 82.3 
7 {Pennsylvania Pwr. |Siegfried-Wallenpaupack 14-16/ (21)|_184/ACSR Mountains |Rock Clay Rings& = 
& Light Co. Tap—Roseland 4-11-26] 66.2} 1 1 | 220} 317 | 1G) j1100] 16 5% T95|ACSR] 2 1%_"| CW | 18.5 | 31.5 |1000| Rolling Sand Severe | 35. | Horns |72.0 
TA |Public Serv. Elec. |Siegtried-Roseland 16-18/ Mountains 
& Gas Co. 4- 8-32] 45.8] 1 1 | 220} aut | 2(c) ]1150) 18-20] 594 T9S|ACSR| 2 | 203/ACSR| 32.9 | 35.8 | 700| Hills Rock Clay|Moderate| 35 | Rings |83.3 
8~ [Public Serv. Elec. |Plymouth Meeting— Rolling 5 
& Gas Co. Roseland 8-31-30] 46.2] 1 1 | 220 | 235 | 1{c) }1040} 16/18 6 795|ACSR!| 2 | 203/ACSR| 27.0 | 29.4 | 205 Flat Clay Sand|Moderate| 33 | Rings |85.3 
8A |Philadelphia Elec- |Plymouth Meeting— Grade 
tric Co. Roseland 8-31-30/ 29.6) 1 1 | 220] 145 | 1(c) /1080] 16/18} 5% 795/ACSR} 2 | 203/ACSR| 26.0 | 29.4 | 335) Rolling j/Rock-Clay|Moderate! 35 | Shield 83.3 
3 |Pennsylvaia Water \ Rock-Clay 
& Pwr, Co, Safe Harbor—Riverside 11- 1-37] 50.0) 1 1 | 220 | 281 | 1(c) | 940) 20/20/514/53%4| 795/ACSR| 2 | 36°! CW] 17.1 | 26.5 | 330] Rolling Sand Severe | 36 | None | — 
10 |Pennsyivania Water|Safe Harbor—Takoma Tap Rock-Clay az 
& Pwr. Co, —Westport 12- 6-31] 92.0) 1 1 | 220] 477° | 1(c) {1020} 20/20/5144 /534| 795)ACSR] 2 | 203/ACSR| 21.5 | 26.5 | 475! Rolling Sand Severe | 36 | None | — 
| 9.2 | 16.6 i 
11 [Commonwealth (18A)} (18A) Rolling Mostly 
Edison Co. Powerton-—Chicago 9-28-40)147 0) 2 31 & 2) 240 ) 761(6) |2(c,1))1020) 18/20) 5% QOOIACSR) 2 144") CW | /26.8) /38.6) 650 Flat Loam _ 45 ) None | — 
12 [Bonneville Pwr. (8) Mountains |Rock-Clay a 
Administration (Covington Coulee No. 1 7-16-42) 850 | 4(c) 1140) 16/18) 534 T95)ACSR} (7) —| — | — 34 2500] to Flat Sand |Moderate! 8 —- fe 
13 |Bonnevilte Pwr, Hilly Rock-Ciay 
Administration Coulee-—Spokane 3 & 4 3-15-43) 422 | 1¢i) [1035] 16/18} 5% 795|ACSRi (7) | — ] — | 33.5 | 5.5 2800] to Flat Sand |Moderate) 8 (9) | 60 
“V4 city of Los Boulder Dam— 1H0/ 37.8/ 145.8/ Mountains )Rock-Clay) Moderate 
Angeles Los Angeles } & 2 10- -36 2693 j1(c,i)| 970) 24/22] 5/6 [1.47] CU | 2 [%6’] CW} 15.8) 23.6/2400] to Flat Sand Light | 15 | Horns | 110 
15 [City of Los Boulder Dam— Mountains |Rock-Clay|Moderate 
Angeles Los Angeles 3 5- -40) 1428 | 1{c) | 970] 24/22] 5/6 [1.4%] CU] 2 |‘! S | 37.8 | 45.8 12400!  to.Flat Sand Light | 15 | Horns] 110 
16 [Pacific Gas & Pitt Lines No. 1 & 2. an a3) a aa 
Electric Co. Horiz, Config. Sect. 1923 — | 4(c) | 720) 13/12 5 SI8|ACSRE O |} —]| — | — 17 [2000 Hilis Various | Light 5 | Horns | 71 
WA/Pacific Gas & Pitt Lines No. 1 & 2. (12) Rolling Horn or 
Electric Co. Vert. Config. Sect. M- -23 — | 1) | — | 13712) 5/5% | 500) CU} o | —} —] — 24 | 200) to Flat Clay Light | 5 | Shield] 71 
Vr Pacific Gas & , Tiger Creek—Newark, (13) Disc © Nee, 
Electric Co. Horiz. Config. Sect. 6- -3] = 1(c) |-790| 13/13] 54% 5I8/ACSR}| Oo | — | — —- 17 |2500| Mountains | Various | Light 5 | Shield {71.5 
1IA|Pacific Gas & Tiger Creek—Newark. Hills Disc 
Electric Co. Vert. Config. Sect. 6- -31! _ 1(t) | — | 13/13) 5% 500] CU} oO] — |] — - 24 =} 500] to Flat |Rock-Clay| Light 5 | Shield {71.5 
18 |Pacific Gas & Bucks Creek—Betlots. (23) Rock Disc 
Electric Co. Bucks Creak—Oroville Sect. 1926 — | (23)] — | 14/16) 5% T95|ACSR} 0 | —}| — | ~—- {| 17.5 |1000| Mountains | Various | Light 5 | Shieid |80.5 
18A|Pacific Gas & Bucks Creek—Bellota, Rolling Disc 
Electric Co. Croville—Bellota Sect. l- -44) — 1(i) | — | 14/16/5534 /51%4! T9SIACSR| oO | — | — - 24 | 180} to Flat Various | Light 5 | Shield | 77 
18B|Pacifie Gas & Bucks Creek—Beliota, 500; CU Rolling Disc 
Electric Co. Bellota—Herndon 1 & 2 6 -31 - 11) | — | 14/16]534/54%4} 795/ACSR} oO | — | — = 24 150; to Flat Various | Light 5 | Shield | 77 
19 /Metropolitan Water {20) Hills Mostly 
Dist. of So. Cal. [Boulder Li- 1-38 230} 945 | Ufc) (2320) 13/55) 534 TOSJACSR) 21% S 28 35 |2000} to Flat | Clay jModerate) 15 | None | — 
20 |Hydro-Electric Pwr, |Paugan—Chatsfalls— esl Rock 
Commission of Leaside, Hastings— 220 | 1666 | 1(c) |1050] 18/18) 5/534 | 795/ACSR) 2 | %’| S Clay 
Ontario Leaside Sect. 10~- 1-28 32 36 | 600! = Hills Sand = 25 | None | — 
20A|Hydro-Electric Pwr. |Paugan—-Chatsfalls—Lea- Rock 
Commission of side, Paugan—Chatsfalls— Clay e 
Ontario Hastings Sect. 10-15-32 220 | 1631 | 1(c) [1050] 18/18) 5/594 | 795/ACSR] 2 | 39’) S 32 36 800 Hills Sand = 25) None | — 
21 /Hydro-Electric Pwr. Pans ae aioe Mostly 
Commission of Beauharnois—Masson— 220 | 516 | 2(c) [1310] 18/18) 5/534 | 795|ACSR| 2 1%‘*} S$ 32 | 36.5 | 250 Flat Clay _ 25 | None | — 
Ontario Chatsfalls 7- 1-33 a 
22 |Hydro-Electric Pwr. ea 
Comm, of Ontario |Leaside—Burlington 8 -41 220 | 273 | 1(4) | 870] 18/18) 5/534 | 500; CU | £ | 34%] S | 25.3 | 34 | 550] Rolling Clay ~ 25 | None | — 
23 [Hydro-Electeic Pwr. nea Hills Rolt- 
Comm. of Ontario (Beauharnois—Leasiga 4- 41 220 | 1404 | 1{c) }1125) 18/18} 5/554 | 795/ACSR] 2 | 3%) S 32 36 | 250] ing Flat - - 25 | None 
24 |So. Cal. Edison [North & South Lighthipe— — ia Ring & 
Co., Ltd. Lafresa 2-27-30 220 | 57 4 1¢K) | 900) 13/15}  ~ 667;ACSR| 1 | 2/0] CU | 12 3 | — Flat Sand - 5 | Horn | — 
25 |So. Cat. Edison, ; ead Ring & 
Co., Ltd. Big Creek 2-2A-3 7-18-28 220| 29 | E(c) |1080) 13/15} 6% | 667/ACSR) 2 |3/0} CU | 31 39 {2960} Mountains | Rock Light | 5 | Horn | — 
26 |So. Cai. Edison 132(27) Mountains |Rock-Clay Ring & 
Co., Ltd. East & West, Eagle-Betl 1923 220 | /128 | 1(c) |1090} 13/15/5%4 /614| 667/ACSR(1 42! %4‘l S 19 23° (-|1490| to Flat Sand Light 5 | Horn | — 
27 |So. Cal. Edison Big Creek 3—- Yat Mountains {Rock-Clay Ring & 
€o., Ltd. Magunden 1-24-28 220 | 457 | 1(c) |1480] 13/15] 64% |1034/ACSR| 2 [9%6’} S 33 34 |2630] to Flat Sand Light 5 | Horn | — 
28 |So. Cal. Edison (28) ~ ‘ Mountains |Rock-Ctay Ring & 
Co., Ltd. Magunden—Eagte Rock 11-14-26 220 | 470 | Lc) |1150) 13715| 6% |Lozaiacsri 2 (%6"| S | 30 | 3t {3020| to Flat Send | Severe | 5} Hora | — 
29 |So. Cal. Edison (29) (30) Hilts Clay 
Co., Ltd. Chine-Barre 9-20-39] 26 | 2 [1 & 2] 220; 116 |1(c,i)/1190) 15/16] 534 | 605/ACSRI1&2/ 4°] S$ 2 28 | 905! to Flat Sand - 5 | Horns | — 
30 |So. Cal. Edison 5% G31) oe Hills Clay Ring & 
Co., Ltd. Chino—Laguna Ball 1-29-42) 33.4) 1 1 | 220 | 132 | 1(c) [2340] 15/35) /64% | GOSIACSRI1&2/ 14°] S 17 23° | 830) to Flat Sand - 5 | Horn | — 
31 |So, Cal. Edison East & West Lighthipe— Bae Tring & 
Co,, Ltd. Laguna Bell 10-30-27; 7.0) 2 1 | 220 68 1(c) [1090] 14/15) 6% /10341ACSR} 1 | 4%} S “4 16 80 Flat Sand _ 5 | Horn | — 
32 |So. Cat. Edison am eas pe ' 
Co., Ltd. Barre—Lighthipe 8-10-41] 15.8) 1 1 | 220 9 1(i) | 920) 14/15] 64% GOS|ACSR} 1 |/%"l S | 12.5] 15 | 68 Flat Sand Light 5 | Horns | — 
33 |Soa. Cal. Edison (32) ial ieee boas Mountains |Rock-Clay Ring & 
€o., Ltd. East & West Big Creek 4-14-14/243.7| 2 1 | 220 | 3448 !1¢¢¥| 700] 11/13) 5% GE7|ACSR| 2 | %4e‘l S 8 tL [28701 to Flat Sand Light 5 | Worn | — 
34 |So. Cal. Edison East & West Long Beach— aan a Pa” ara 
Co., Ltd. Lighthipe 6-16-28 9.8) 2 2 | 220 55 Ii) | 945) 15/15} 6% 650) CU] 1 | 4/0} CU 27 2. a Flat Sand _ 5 = = 
35 |So. Cal. Edison [North & South Boulder. (33) Mountains |Rock-Clay eo 
Co., Ltd. Chino 21-1§-41/233 7! 2 | 1 12201 2652 | 1c)! 750] 15/16' 534 | 6OSIACSR! 2.1%" S 18 31_ (12870: to Flat Sand Light _| 15 | Horns © — 


Footnotes on page 798. 


TABLE 4—LIGHTNING PERFORMANCE AND DESIGN FEATURE OF 220-Kv LINES 


Towef Footing Res. (Ohms) oy Wire Spacing at Lightning Outages Line a 
Before Aux.” | After Aux, Be saa as Tower (Feet-Min.) One Circuit/Two Circuit Glasrance = 
Grounding Grounding | =o) 213 Cond. Ground Wire Ave. Per | Structure #8 
es os =o Horiz.| Vert.| Horiz.| Vert. 100 Mi. At | nsul- | =) 
ef leslesi ger | | Pervear | | cong | tts | S$] §_ 2[83 
SB [EZ ES| ge Ave. 50 Swing! an Sj) 252% 2 
33 |Ec/ 28! as Per | Ac- | (26) of "Units | 2 |= Se le2 
Max] Min| Avg|Max|Min| Ava] 2a [Ss|/ 58) 2a 1935) 1936) 1937) 1938} 1939) 1940; 1941] 1942) 1943; 1944; 1945) Year| tual |Level) Ft. ;(Deg.) ean ES \E< Ref. 
28 | 29 20 31_| 32 | 33 34135 | 36 37 38 39 40 43) 44 | 45 | 46 47 | 48 43 | 50) St §2 53 | 54 | 55 | 56 | 57 58 59 | 60 61 | 62 | 63 
aa ~| a seu [i nae l) Tallin Cae 1877 | 
—{-|—]|—|—|—] No |Nof No | 48.2 | 23.5] — | 28.0 1/0} 9} mo} 4} 9) 6) 6] a} u| —ieslsalarat72] 45 1345] 1340 1 
cas aid pen oe 2 Cont 23.5 VAIN YATETARCTS 
—|— | 150) ~ | — | Low) CP. | No| No | 73.5 | 33.53 12 | 33.5 1/3 |0/3 {3/5 |1/7 |4/0 [0/3 |0/2 {0/2 |0/2 | 1/0} — 3.5] 2.6) 8.7} 4 30 820) 780 | 27 | 2 
= i va FAA 43 / 
ae A - = 5 2 ) 2 1 1 I — (1.7, 1615.3/65 30 1310| 1220 46| 3 
700} 10 | 150) 45 | — | —] (8A) |] No |2 CP] 63.3] 25.3] — | 26.5 
ian 2 Cont. 20/ 
800{ 5 | 50 | — | — | — |CP—CP| No| No | 62.2 | 26.5 | — | 37.0 Q 1130} 1040 33) 4 
Misc. | 
—|—-{—]—] — ]24.2) ce. | No} No | 62.0] 25.5) — | 25.5 1 1425! 1125 | 38) 5 
0 
—jirto-lorlynm-tr s00"cP No} No | 62.0] 25.5} — | 25.5 0 2 1 1 0 2 0 C1) v1) Jo a 8.0} 30 16 1425) 1475 ine 6 
61 | 4.7} 15 | —|—]—] No | No] No | 65.9 | 26.3 | — 23.8 0 2 1 1 0 0 0 0 0 /2(07))J : 1.7) 2.4/7.8) 30 16 j1425} 1445 41| 6A 
330/ 5 | 75 |} 40] 1 5] CP. | No| No | 66.0 | 22.5) — | 23.) 14) 28) 29 | 18 18 16 }1(21)} 0 1 2 (3017) lhe gl 11.5] 17.0 7.0] 30 14 1265) 1300 | 47 | 7 
300] 1 | 64 | 27 | 1] 18] CP. | No] No | 62.5} 28.5 | ~ | 28.5 1 1 1 0 O | (18) | (28) | (18) | 18) | aay | — TY ‘ ; “17.6 | 30 16/1425] 1405 | 44 | 7A 
105) 0 6}—|]—|— on No} No | 62.5 | 28.5 | — | 28.5 1 0 G 1 1 (18) | (18) | (18) | 8) | 8); — 0.73] 0.96. 1.45 7.6 30 | 16.65 {1480| 1405 ay 8 
ine . y . 
28 | 1.8] 10 | — | — | — |650°CP) No| No | 62.7} 25.5 | — | 43.0 1 0 0 1 1 1 2 0 0 2 - 7.3 | 30 16 1425; 1360 53) BA 
sz | i5/ 
450] 1 | 67] 19) 1 | 10] CP. | No| No | 58.3] 28.3] — | 42.3 _ — — 0 Q 0 1 1 1 tt) — | 0.43) 0.86) 1.2) 9.0 30 18.35 |1615] 1655 33| 9 
Top. & rang ie aie ee tea)? ee 6/ 
430} 1 | 74] 32 | 1) 12] GR. | No} No {58.3 | 28.31 — | 423 0 0 6 0 Q ft] 0 1 0 — |0.091)0.099/0.137} 9.0 | 30 | 18.35 |1615} 1655 | 39 10 
“ca digay] cgay! | clea) iss 
¥ (18A (18A 
—~}—-;,5)/—]18 No} No | /65.2! /33.3} 20.6) /46.3 -|[—- ~—~}ojl- 0 0 0 0 0 - 0 0 0 49.3] 30 18/1585] 1710 | 39) 11 
—~—|—|— | sal 1.3) —| GR. 19s} (9) | 37 vee — 43707) 1425) 945 | — | 12 
—j]— | — | 350) 2.2) —] GR. | (9)] (9) | 37.6 138731) 20.3) — 945 |— | 13 
R12/ 140.5/ )24.5//40,1/ ua/ 
150] — | 1 | 76 | 0.4) 0.8} 2-CP. | No] No | 77.1 | 32.5] — 50 1655 | 38 | 14 
eras acahald em era aa a ae x Ba 
150) — | 1 | 76) 0.4) 0.8} 2-CP. | No] No | 77.1] 32.5] — | 50 1655 | 38] 15 
(16) | (16)| (16)| 2’ Sq. Yes 
—|—]— | 500) 2 | 3 | Plate | No|cw.}44.1)i9s]— |] — 865 |— | 16 
11 | 0 4 | 2° Sq. Yes 
— | — | — | (16)] (26)) (16)} Plate | No | GW. } 84.9] 24 15 - 945 | — 16a 
(16)] (26)| (16) 
—|—|—{ 100) 2 | 15] GR. | No| No | 46.7} 20 | — | — 5 | — | iT 
(16)| (16)} (16) 
—{— |---| 100) 2 | 15] GR. | No} No | 85.3] 28 b _- 825 |— j17A 
(16)| (16)| (16) 
100] 2 | 15; —|—-}—] No | Nol No] — 27 - — 1040 | — | 18 
tS ” a N N 3] 1 1080 18A 
Safe lo lo} No | 87 | 27. 6 —_ a 
(16) (16)] (16) 1080 | — | 18B 
X 2 )35)—)—})—j} No |No) No} 87 $27.3) 16 = 
21/ 
ar} 1 jit.s}—|—]—]| No |no| no | 70.5] 22.3} — } 31.9 960 | 4a] 19 
41/ 
300) 3 | 28|]—|]-—|—]| No |No| No | 54.77 25.3; — | 26.8 1475 | 45) 20 
Ws 
1550) 2 | 250/1550/ 2 | 250/CP (22)! No} No | $4.7 | 25.3] — | 26.8 1875 45) 20A 
Pe: ma Foals caleba 41/ 
300) 2 | 2% )—}—j|— No | No] No | 54.7} 25.3) — | 26.8 1415} 1475 45) 21 
eae Se ere) Nem ea (eee leas peers Ev 
441 137) —{)—-{—] No | Nol No | — |34/54) 20 _ 1415) 1475 | — | 22 
She We ieeaifen Ul [Graal 29/ 
600; 1 | 47 | 25/ 1 | 6.5) CP. {No} No | 54.7] 25.3 | — | 21.3 1415) 1475 j 32] 23 
-|- —|- No | No{ No { 121.1} 31.0 | 20.0) —~ ras eae ees Pad 
39/ 
—)-—|;~—-}—]—]—] No No} No} 51.9) 22.2) — } 200 ~ | 44) 2% 
39/ 
=) a No | Noj No | 52.5 | 22.2 | — | 24.0 1185) — 44) 26 
elerlC eSlvoke ale. 39/ 
—}—-}]—-]—t—1—f{ No | No] No | 55.3] 22.2] — | 24.0 1125 44) 27 
Peqpeen [oa | 33/ 
—|]—|—-!—-]—]—| No [No] No | 55.3} 22.2! — | 26.0 4 7 4 3 34.5) 6 30 | 14.05 [1270/1125 44) 28 
122.7 116.5 {| 20/ | —/ 
(18A)] (18A)| — | (8A) 43/ 
~|=\— |= |=] =| Ne | No} No [69.8] 723 [cgay] 24 1345; 865 | 46) 29 
43/ 
—|—]-—|—{]—{—] No |No| No | 70.6] 23.0) — | 26.0 1345) 865 | 46 30 
ee eae ee ran 59/ 
—!—]—-f—}]—]—] No JNo| No jsiafaz22/ —} — - al 
a~lofrlml|—-l—- No |Noj No | 122.7/ 33.0] 20 - — ~ 0 0 0 _ 0 — — | 15.68 [1405; — 46 32 
37/ 
—[—}~—}—]—-{[—] No | No] No | 35.7 ]}17.2] — 18 - 40| 33 
—ji~}|~r}—}—]—] No | No] No fie 33 | @| — — | 44] 34 
Tower 43/ 
cP. 
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Fig. 1.—Typical transmission structure and counterpoise configurations 


FootNores ror TABLE 4 


*Taken from ‘‘Lightning Performance of 220-kv Transmission Lincs—II”? 
by AIEE Subcommittee on Lightning and Insulators, A.J... Transactions, 1946. 7 


1, Suspension assemblies: 12 units after 1943-44, 
2. First value suspension; second value dead end. 
3. Armor rods on 25 percent of line. 
4. 57 inches after 1943-44, 
4A. 4.8 after 1943-44. 
5. 10.5 after 1943-44. 
6. 637 towers: 1 circuit per tower. 124 towers: 2 circuits per tower. 
7. 1 mile of ground wire at terminals only. 
8. 20 percent porcelain, 80 percent glass. 
8A. Apparently now being added. 
9. Experimental devices on 25 percent of line (not described). 
10, 222.65 miles: 1 circuit per tower. 40.85 miles: 2 circuits per tower. 
11. 60 miles in 1923, 9 miles added in 1925, 14 miles added in January 1944. 
12, 142 miles: 2 circuits in 1923. 43 miles: 1 circuit added in March 1944, 29 
miles: 2 circuits added in April 1944. 
13, Data from 1935: 220-kv paper. 
14, Except 43 miles of single circuit. 
15. See note 23. 
16. Estimated. 
17. To August 1, 1945. ~ 


18. Data not reported. 

18A. First value for 2-circuit towers. Second value for 1-circuit towers. 

19. To September 1, 1945. 

20. Ground wire installed 1943. 

21. Line completely equipped with ground wire 1941. 

22. Counterpoise as required to reduce resistance to 25 ohms. First 10 miles 
from Chats Falls only. 

23. Operating at 165 kv to January 1944. Tower construction is not shown in 
Fig. 1. See original reference. 

24. 88.5 miles is 3 circuit. 28.8 miles is 2 circuit. 

25. First number for outer conductor. Second number for middle conductor. 

26. On basis of 50 isokeraunic level. 

27, First figure for east line. Second figure for west line. 

28. No ground wire for 64 miles of line due to severe sleet loading. 

29. 17 miles: i-circuit towers, 9 miles: 2-circuit towers. 

30. 17 miles: 2-ground wires. 9 miles: 1-ground wire. 

31. Also some 12 and 14 units of fog type in suspension. 

32. Originally designed for 150 kv. 

33. North line June 22, 1939. 
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TRANSFORMER EQUIVALENT CIRCUITS 


The procedure to be followed in calculating the impedance values for a transformer equivalent 
circuit depends on the form of the original data, and whether the final values are to be expressed in 
ohms or percent. Procedure I, below, is convenient for the simpler cases when the original impedances 
are expressed in percent on a circuit base and the final values are to be expressed in percent. 
Procedure II is generally recommended for the more complicated cases, particularly for the ones 
involving neutral impedances or series transformers. Procedure III may be used when the basic 
impedance data are expressed in percent on a winding base. 


Procedure I. The impedances of two- and three-winding transformers are normally given in percent 
on a circuit kva base. With the basic data in this form it is convenient to calculate the equivalent- 
circuit impedance values directly in percent. The equivalent circuits and equations for calculating 
the sequence quantities are given in Table 5 for 13 of the more common transformer connections. 
The following notation is employed in the table: 


1. Terminal designations. 
Circuit 4—abe terminals. 
Cireuit 5—a’b’e’ terminals. 
Circuit 6—a’’b’’c” terminals. 


2. Impedances. 


Ze7%o—impedance circuit 4 to circuit 5 in percent on 3-phase rated kva of circuit 4. 

Ze%—impedance circuit 4 to circuit 6 in percent on 3-phase rated kva of circuit 4. 

Zs%—impedance circuit 5 to circuit 6 in percent on 3-phase rated kva of circuit 5. 

Z1%, 20%, 2%, Z1%, Zu%, Zuo%, Zmo%, and Zpo% are all in percent on the 3-phase 
rated kva of circuit 4. 

U,, Us, and U, designate the 3-phase kva ratings of circuits 4, 5 and 6, respectively. 


The impedances can be converted from one base to another by the relations, 


ZuIo= 7 ba 
6 
U 

26% = eo 
6 


Lalo Flee 


Procedure IJ. In many cases, particularly the ones involving neutral impedances or series trans- 
formers, less confusion results if the equivalent-circuit impedance values are calculated in ohms, 
rather than in percent. However, as the basic data are normally in percent, it is first necessary to 
convert to ohms using the following relations: 


10Z5.%E 2 

Z= pe 

Zz 10Z6%Es? 

46 = ns 
Zs= Fa Toby , where 


Z5%, 216%, Zs6% are as defined in I. 


E,, E; and E,=line-to-line voltages, in kv, in circuits 4, 5 and 6, respectively. 

U,, U; and Us=3-phase kva ratings of circuits 4, 5 and 6, respectively. 

Zis= impedance between circuits 4 and 5 in ohms on circuit 4 voltage base. 

Z43= impedance between circuits 4 and 6 in ohms on circuit 4 voltage base. i 
Ze = impedance between circuits 5 and 6 in ohms on circuit 5 voltage base. 


The equations in Table 7 are expressed in terms of the impedances between windings, rather than 
circuits, so the second step requires converting the ohmic impedances to a winding base. Conversion 
factors are given in Table 6 for the cases included in Table 5. After this conversion is made, the 
ohmic impedances can be substituted directly in the equations in Columns 3 and 5 of Table 7. 


Procedure III. Table 7 includes in Columns 4 and 6, equivalent circuits based on impedance 
values expressed in percent on a winding base. These circuits may be employed when the basic 
data are expressed in this manner. 


TABLE 5 CONT’D 


THREE- CIRCUIT TRANSFORMERS(CONT'D.) 
DESCRIPTION DIAGRAM OF CONNECTIONS POSITIVE-SEQUENCE EQUIVALENT CIRCUIT] ZERO SEQUENCE EQUIVALENT CIRCUIT 
a a‘ 


c-3 
STAR /STAR/ 
DELTA 
SOLIDLY 
GROUNDED 
NEUTRALS 


t U 
Zui% $[Zas%+ Zach Zse%] Zuo %= Zui % 


' U 
2% $[Zackt gt Zee %-Zas%] Z10%=Z.1 % 


U 
2ui%e + [GEZse% + Zas%-Zas%] Zno %* Zui % 


eee Zui p1gi30% 
DELTA /STAR/ a 
DELTA 

SOLIDLY 

GROUNDED 

NEUTRAL 


\ é Us 
Zui%s $[Zas% Zacks Ge Zse% Zuo %2Zui% 


| Us 
2% 5 [Zae%* 7! Zs6%Zas%] Z 10 %7Zy1 % 


1 ru 
Zwi%e 5 [Gt Zs6%+ Zes%-Zae%| Z40%= Zui % 


C-7 
DELTA/DELTA/ 
DELTA 


SAME AS C-I 


Zuo %? Zu % 
Z0 %* 211% 


Z 0%? Z 4) % 


O-! 
STAR/STAR/ 
OELTA 
SOLIDLY 
GROUNDED 
NEUTRAL 


U, 
Zest Zap 20] 
[ 45 46% Us 256% Zuo%* Zui % 


U, < 
Zag %t TT Zs6%-Zas lo Z10%=Zi1% 


1 fu 
= 4 [Gt zs6% + Zash-Zac%| Z 0% = 24) % 


0-2 
STAR/STAR/ 
DELTA 
UNGROUNDED 
NEUTRAL 


SAME AS D-! 


fu Zac% Zas% 
Zo %#NIN“ILG* 256% A er | 
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TABLE 5— TRANSFORMER EQUIVALENT CIRCUITS USED IN PROCEDURE I 


TWO-CIRCUIT TRANSFORMERS 


DESCRIPTION DIAGRAM OF CONNECTIONS POSITIVE-SEQUENCE EQUIVALENT CIRCUIT | ZERO-SEQUENCE EQUIVALENT CIRCUIT 
a a’ 


A-l 
STAR/STAR 
SOLItOLY 
GROUNDED 
NEUTRALS 
{FOR 3 PHASE 
CORE TYPE 
SEE TABLE 7) 


a-4 
STAR/ STAR 
NEUTRALS 
CONNECTED BUT 
UNGROUNDED 
(FOR 3 PHASE 
CORE TYPE 
SEE TABLE 7) 


A-5 
STAR/DELTA 
SOLIDLY 
GROUNDED 
NEUTRAL 


A-6 
DELTA /STAR 
SOLIDLY 
GROUNDED 


_ pee 


ts 
DELTA-DELTA 


SAME AS A-4 


TWO-CIRCUIT AUTOTRANSFORMERS 


8-1 
STAR /STAR 
SOLIOLY 
GROUNDED 
NEUTRAL 
(FOR 3 PHASE 
CORE TYPE 
SEE TABLE 7) 


STAR/STAR 

UNGROUNDED 

NEUTRAL 

(FOR 3 PHASE 

CORE TYPE SAME AS A-4 
SEE TABLE 7) 


C-l 
STAR/STAR/ 
STAR 
SOLIOLY 
GROUNDED 
NEUTRALS 


t U 
Zui%* $[Zas%+ Zach ge 256%] Zmo% = Zui % 
U 
Zi %* F [Zest gt Zs6%-Zas | Z10 %* 21, % 


«| fU 
Zmi%"e [pe Zso% + Zas%-Zas %| Zo % 2 ZHi% 
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TABLE 6—CONVERTING OHMIC IMPEDANCES TO A WINDING BASE 


Case Conversion Case Conversion 
A-1, A-2, A-8, A-4, A-5 Zp3=ZL45 (a) C-9 (g) 
D-1 Obtain Zu, Zu and Z,, 
A-6, A-7 Zps =3Z 45 as for Case C-8. 
A-8 (b) D-2 Obtain Zu, Zar and Z,, 
ae is as for Case C-8., 
A-9 1745 e rreeyre 256 
Zen = Zo! (d) tee 2 
4 Za 
A-10 Zi=Zes (c)(e) a? ves] 
N?2 - 
B-1, B-2, B-3 a a 245 (a) D-3 Zp = Zs = 4 Zyot+3Za5 
GY -1) Zpr= Lis 
B-4, B-5 Z 1=445 (a) (c) D-4 (g) 
C-1, C-2, C-3, C-4, C-5 Zps =Z 45 E-7 Z, =Z45 
Zpr = Zs N 2F 
Ast = 456 Zes= (57) 45 
C-6 Zoey =3Zu5 Zer= Ses 3 
Zor =3Z 45 Zsr=N(N—1)| SS 
Zar =Zs6 N 
254 215 
C-7 Zps = 8Zas N N —i 
Zer =. 46 
Zar =3Z 56 E-8 See E-7, above 
EN? E-9 to G-6 h 
o-8 Ju = 9] Zot Zeu~ (FZ) Zo | a: Bec mote 


Zu=A{ Zat+(F) Za-Ze | 
Zur=3| Za+(F \'Zs0~ Zs | 


Zst =Zs6 


(f) 


a In the case of three-phase core-form transformers, the complete zero-sequence equivalent circuit includes impedances that are a function af the zero-sequenca 


o a 0 


~ 


exciting characteristics of the transformer. These impedances are therefore affected by the magnitude of the zero-sequence voltage applied to the transformer 
windings during fault conditions. In any accurate calculation of zero-sequence currents or voltages it is necessary to represent these impedances by a saturation 
curve rather than by a fixed impedance, which results in a step-by-step analytical solution. In cases where the three-phase core-form transformer has a delta tertiary, 
or where other ground sources are present, satisfactory results can be obtained by neglecting the zero-secjuence exciting impedances of the transformer. If this 
procedure is followed the transformer is treated as three single-phase units or a three-phase shell-form unit. 


The rating of a zig-zag grounding bank is normally expressed in terms of line-to-line voltage and neutral amperes. In the case of standard grounding transformers 
which have 100 percent impedance, 


Zm=¥ 38 


Se. where 
iy 


v 


E=\line-to-line voltage in kv. Bl 
In=neutral current in amperes. 


When a zig-zag transformer has less than 100 percent impedance, Zes must be modified accordingly. 


In many cases it is simpler to obtain the sequence impedances directly from the circuit impedances without converting the latter to a circuit base. 
When a transformer has a zig-zag winding the manufacturer should furnish the zero-sequence impedance as viewed from the zig-zag side. 
Obtain Zsr as in Case A-9 for a solidly grounded transformer. 


The manufacturer should furnish the zero-sequence impedance of the transformer as viewed from the zig-zag side. Zev is then equal to this impedance expressed 
in ohms. 


Refer to manufacturer. 


In tnose cases involving series transformers, the exciting transformer and the series transformer should be treated as separate units when deriving the basic impedance 
data. To obtain the conversion factors for the exciting transformer, refer to the two or three-winding transformer case employing the same connections. 


1n furnishing impedance data on a series transformer, the manufacturer will usually treat the unit as a simple two-winding transformer. The impedance is usually 
expressed in percent on a kva base corresponding to the parts used in the series transformer. The percent impedance is based on the voltage rating of the winding 


to be connected in the main power circuit. For example, in Case B-9, the rated voltage of the V winding is used in obtaining the percent impedance. This impedance 
is converted to ohms as follows: 


lOEVZvw% 


Ue , where 


Zyw= 


Ey=kv rating of the V winding (actual winding voltage in the case of single-phase series transformers and V3 times winding voltage i in the case of three-phase 
series transformers). 


Uv=kva rating of the series transformer (per-phase rating for single-phase transformers and three-phase rating for three-phase transformers). 


Appendix 


803 


TABLE 7—EQUIVALENT CIRCUITS OF POWER AND REGULATING TRANSFORMERS 


Convention of Notation and Definitions of Symbols 


Tn all cases the left hand circuit (terminals a-b-c) is taken as the in- 
put circuit; and the remaining circuits (terminals a/-b/-c’ and a/’- 
b’-c"’) are taken as output circuits. It is assumed that the trans- 
formation ratios will always be step up from the input to the output 
circuit (terminals a’-b’-c’), and, if shift in phase is involved, the phase 
angle will be advanced. If the actual conditions differ from those 
assumed suitable corrections may be readily applied. 

The a terminal designates the reference phase of the input circuit; 
the a’ and a” terminals designate the reference phases of the output 
circuits. 

Individual windings are designated, as for example: 

P(1) denotes the P winding, the number of turns of which is pro- 

portional to unity. 

S(n1) denotes the S winding, the number of turns of which is pro- 

portional to m4. 

Windings drawn parallel in the diagram of connections are on the 
same magnetic core; except that for those arrangements involving 
series transformers all six windings for the three series transformers 
are drawn parallel and only those windings drawn adjacent to each 
other are on the same magnetic core. 

J,, 14’, and 7,” are the line currents in the reference phases at the 
terminals a, a’, and a”, respectively. 

Eisg, Eg’, and Eyg'’ are line-to-ground voltages of the reference 
phases at the terminals a, a’, and a’’, respectively. 

The ideal transformers included in the equivalent circuits serve 
only to maintain proper voltage and current relationships, in mag- 
nitude and phase, between the input and output circuits. The ideal 
transformer is defined as having infinite exciting impedance, zero 
leakage impedance, and zero exciting or no-load current. 

1:N (1:N’, etc.) is the turns ratio of the ideal transformer in the 
equivalent circuit maintaining nominal current and voltage relation- 
ships between two circuits. 

N (N’, N", ete.) is the overall transformation ratio of the trans- 
former bank at no load. 

¢/ represents a phase angle transformation of a degrees. 

a (a’, a”, etc.) is the phase angle difference between output and 
input voltages of the transformer bank at no load. 

I, f), and J; are symmetrical components of the line currents at the 
a-b-c terminals. 

I), Io’, and J.’ are symmetrical components of the line currents at 
the a’-b’-c’ terminals. 

1,’’, Io’, and J," are symmetrical components of the line currents 
at the a’-b’’-c” terminals. 

E,, Eo, and E, are symmetrical components of the line-to-ground 
voltages at the a-b-c terminals, 

Ey’, Ey’, and £,’ are symmetrical components of the line-to-ground 
voltages at the a’-b’-c’ terminals. 

Ey”, Ey, and £,” are symmetrical components of the line-to- 
ground voltages at the a’’-b’’-c” terminals. 

Z; is the equivalent positive- (or negative-) sequence impedance as 
viewed from the input (a-b-c) terminals, expressed in ohms. 

Zy’ is the equivalent positive- (or negative-) sequence impedance as 
viewed from the output (a'-b’-c’) terminals, expressed in ohms. 

Z(Zu0, Zi0, Zuo, etc.) is the equivalent zero sequence impedance 
(or a constituent part of the equivalent circuit) as viewed from the 
input (a-b-c) terminals. 

Zo (Zuo', Ziv’, Zuo’, etc.) is the equivalent zero sequence imped- 
ance (or a constituent part of the equivalent circuit) as viewed from 
the output (a’-b’-c’) circuit. 

Zps (Zpr, Zvw, etc.) is the leakage impedance between the P and S$ 
windings, as measured in ohms on the P winding with the S winding 
short-cireuited, all other windings on the same core being open- 
circuited. 

Zep is the leakage impedance between the S and P windings, as 
measured in ohms on the S winding with the P winding short-cir- 
cuited, all other windings on the same core being open-circuited. 


Zpx (Zsr, Zve, etc.) is the exciting impedance as measured on the 
P winding, with all other windings on the same core open circuited 
and zero sequence voltage applied to the terminals of the three 
windings one of which is designated by P, connected to form a three- 
phase unit. 

Zap (Zas, Za, etc.) is the impedance, in ohms, connected between 
the neutral of a star winding and ground. 

I/1, To'/1, and J2!/1, are symmetrical components of the line cur- 
qi 
Ty’ 
where Jy is the base (or normal) current for the input circuit, corre- 
sponding to the base (or normal) kva, U,, and voltage of that circuit. 
Similar definitions apply for h%/, To%/:, 22/1, 1h’/1, ete. 

E,\%, Eo%, and E2%, are symmetrical components of the line-to- 
ground voltages at the input (a-b-c) terminals, expressed in per cent 
of the base, or normal) voltage for the input circuit. Similar defini- 
tions apply for £,’%, £."%, ete. 

21% is the equivalent positive- (or negative-) sequence impedance 
as viewed from the input (a-b-c) terminals, expressed in per cent on the 
base (or normal) kva. and voltage of the input circuit. 

Z1'% is the equivalent positive- (or negative-) sequence impedance 
as viewed from the output (a’-b’-c’) terminals, expressed in per cent on 
the base (or normal) kva. and voltage of the output circuit. 

Zo% is the equivalent zero-sequence impedance as viewed from the 
input (a-b-c) terminals, expressed in per cent on the base (or normal) 
kva. and voltage of the input circuit. 

Zo % is the equivalent zero-sequence impedance as viewed from the 
oulput (a’-b’-c’') circuit, expressed in per cent on the base (or normal) 
kva. and voltage of the output circuit. 

Zps% (Zer%, Zvw%, ete.) is the leakage impedance between the P 
and § windings, expressed in per cent on the kva. and voltage at 
which the P winding is operating. 

Zse% is the leakage impedance between the P and S windings, ex- 
pressed in per cent on the kva. and voltage at which the S winding is 
operating. 

Zee % (Zsu%, Zve%, etc.) is the exciting impedance of the P wind- 
ing as defined under Zpg expressed in per cent on the kva. and voltage 
at which the P winding is operating. 

Note: To use the equations as given, the base (or normal) kva. 
must be assumed for all circuits, and the base (or normal) voltages 
of the circuits must be related by the transformation ratios indicated 
on the equivalent circuit for positive sequence. The operating kva. 
and voltage for an individual winding must be taken as the value 
existing in the winding when the base (or normal) kva. assumed for 
the circuit is being transmitted through the transformer. The 
assumed base kva. for the circuit, and the corresponding winding 
kva’s, may be either three-phase or single phase values, but con- 
sistency must be maintained. 

U. is the base (or normal) kva. of the input circuit (at the a-b-c 
terminals). 

U’ is the base (or normal) kva. of the output circuit (at the a’-b’-c’ 
terminals). 

U” is the base (or normal) kva. of the output circuit (at the 
a’’-b’’-c’ terminals). 

Up (Us, Ur, Uy, Uw, etc.) is the kva. at which the P winding is 
operating when the input circuit carries U, kva. 

Note: When the above quantities appear in equations, all must be 
in three phase quantities, or all in single phase quantities. 

Zno is the base (or normal) impedance, in ohms, corresponding to 
the base kva. and voltage of the input circuit (at the a-b-c terminals). 

The equivalent circuit for negative sequence is identical with that 
shown for positive sequence, except that when a shift in phase angle 
is involved, the phase angle shift in the equivalent circuit for nega- 
tive sequence shall be taken with the opposite sign to that indicated 
in the equivalent circuit for positive sequence (for example, instead of 
a use —a, instead of 30° use—30°, etc.). 


rents at the a-b-c terminals, expressed in per unit Thus J,!/;= 


DESCRIPTION 


aos 


STAR /STAR. 
SOLIDLY GROUNDED 
NEUTRALS 

(FOR 3 PHASE COAL, 
TYPE, SEE A~3) 


A-2 
STAR /STAR. 
IMPEDANCE ~ 
GROUNDED 
NEVTRALS, 
FOR 3 PHASE CORE 
TYPE, SEE A~ 3) 


and 


STAR /STAR. 
JAPEDANCE - 
GROUNDED 
NEUTRALS, 
(3 PHASE CORE TPE] 


Ana 
STAR/STAR, 
NEUTRALS 


CONNECTED BUT 
UNGROUNODED . 


ans 


STAR/ DELTA, 


A-® 


OO.TA/STAR 


a-T 


OG TA/OELTA 


a8 
UGeZAC GROUNDING 


ane 


STAR / ZIG-ZAG 
SOLIDLY GROUNDED 
NEUTRALS. 

FOR 2 PHASE CORE 
TYPE, SEE Ai) 


PARTS RATIOS 


2-9 


eas 
ae 


A-10 
STAR / ZIG-ZAG 
IMPEOANCE 


CROUNOED NEUTRALS! 
for 3 pHase cone 


TYPE, SEE A-11) 


PARTS RATIOS 
SAME aS A-@® 


DIAGRAM OF CONNECTIONS 


TABLE 7 CONT’D—TW0O-CIRCUIT TRANSFORMERS 


POSITIVE SEOUENCE EQUIVALENT CIRCUIT J 
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2) net 
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DESCRIPTION 


ZERG-SEQUENCE EQUIVALENT CIRCUIT 


Expresso in Ohms 
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STAR/S SAR/ STAR. 
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NEUTRALS. 
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2G-ZAG/ STAR/OELTA 
SYMMETRICAL CASE 
SEE NOTE, C-1) 
PARTS RATIOS 


Yee 
Ue "ue "> 


c-e 
21G-ZAG/ STAR/DELTA 
GENERAL CASE 
(FOR SYMMETAICAL 
CASE, SEE C- 8) 
PARTS RATIOS 


SAME AS C-8 


Ex iD sof En 
+ ot 
b, 


Zur "ys [zer iy - zea] 


tai os % tZe7 OS Zar %) 
ZB? Res h HEE Zyr%- Zp %) 


¥ 
Zur ee Heart EE sre es %) 


SAME AS CHI 


z 
Tw * + [oes tlpy Br] 
Za 7 (es (es Zer] 
Zur *4[eer +d : Zes J 


GAME AS C3 


SAME AS C-3 


Nan 
Ntang 


Zmo "lyr 
Zo 22ny 


Zo *2u4 


| ZLo Me 


Expressed in Per Cent 


Zo 22a % 


Zo %2 Zar 


SAME AS Got 


Non, 
Neng 


wo" Zu) +azqp+bteli=ll 32 
32. In“ i id 
Botta: eee MG, 


ap, dZo yhetetin’= 
Zo Zu tie AACN 7, 


2M Ty Met 


37. it a zs 

7a ott 322) n100 
‘32, ene jaZq 

esl ape wae eh 190 


1 Ue 
Tare" (Les % tpt Me” OS Zar") 
4 
Zs WH (os % 1 US ear Yer Zor %) 
uv, 
21 7 (Ze1% + UE Zs % ~Zps%) 


SAME AS Co3 


SAME AS C3 


pA 
Zps et 7 2e1) 


ite (2ps%t2p7% = ts 2st %) 
Zui tee (Zrs%r US 251% Zor % ) 


2 Lore +3267 %- Zs %) 


on, ZQE ao cal AZ E 
Fo ZUNE Ti Ze k 100 


a ZMo% 
Eq 104 Z 9% 

20 ew 

Zuo “2a ¢ 

ZHo Me™ THs 


Zo ™ Are 


Neon 
tt 
Zmo" Zui $32qp 498 L 7, 


Zuo “Zeer starts 


(N 


29 * 


Zao 
Zyo%e” 24% 43 Zep 135 x100 


tne 
v S, 
Tuo ® 2wi% HILL 266m -M YZ v 10.9 
Us NP inc 


: z, 
ok TAR «100 


2 
fo tes, 


Cs 


2o%-NiZpq + Naps tM 2, 432cp 


+32c3 


vats 

ZotZor 

2 “bP enot pape ) 
Zo * Zi 

Zwo "21 aed 

ZL0 "Zu 


08 ew’ 

4 7 i Ig lee 
EymlleX / = 
legs 


Nan, 


a a 4 
20% *Y-N') Zpy GEN ZpstNW NOY Zor % 
Us 
#32 p%t35E Zo % 


Zo%® 26%" 
ioe Zuo 2.9% 
Zo%* Io? DEL Se 
Ze % 72a % 

Us 
Zuo % * ZH Met IKE Zos% 


2L0% 821% 


Zu 


2H "INP 2st +} (ZrstZvs-Zer -2yr) 
Zur oapyptsr~ ih est2vs ter -2yq) 


(vs-Zes tZer ~2v7) 
Zur “FZnst2vs tZpr #2y1) ~t fv 
z 


+, iN’ 

ZH 4 +2 {2e9 *2va -Zer 
+21) lw 

ty “hah ders tls -2pr 
a2v1) “wt 


Zp WHE Aare Elzng% 1 25% 


-2py%-Zy7%) 


Zwick (ZvseZps BtZer%e- Zv1% ) 

Za Deps%tZvs tt Zp % +@vr% 
v7 Sin + oe tsr ~ 

Zen té tree (Zrs%* 2s % 
= Zp %~ Zy7 %) = 2s we 

Mp We$ OS tare- E rpsee ase 

~2py%e- byt Te) ~2w % 
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Za *Zpy t32cp 


Zo" 2s t2Zc5 


N«pe 
Zwo* R (Zug > Zea tZer -Zyr)+ 2 
Zo ° Zpy t3Zep +3725 ~Zwa 

I 
Zo "aR (2st #3263 1926) -Zwo 
w= 


A eS 
sree: Nees 
Ni =ny A Ni= A) les Toe 
Nfene 29 2 «Uhre 2omeZo = 25 Wee 
Pry fers + 2pr “Br Zui" E (Zpg% + Zor %- YS 2sx %) | Zuo = 2a Zuo * Zino %e* Zao% *2ray % 
Zit hes the - Zar Zu % Fe (Zes% + GS Zor %- Zar %) | Zuo * Zui 29 %e *2yo %* Zio %e "Lite fF 
ed 2er +iSiy - Zs Zi =F Ror 13S 255 % - Zo5%) foo #2 2.0% *2L0%* LO FL % 
Zu paygh® a Zs a 2% e 
: Pte fs et aes 
E at at Egle a" Eye bo —_ 
ite Bley [Bex 
Nem Zur ta EL (205% 425 et Zor tyr 
Ne? - S tpvt)- SS zs % 
Zit (Zps +lyq tZpr + zvr) Zn eS oe 257% F (20s %e t2ys To 
+ [env 2] “Zpr %-Zy1r% Ton@ pre a) 


Zo "zy Zoy% +3582 x100 


Zo er HE (Ur Bt 3Z cq %) 


Ze : 


S 
a_ZmoS tiles 
E51 1X Zye _ 
legs 
wo *B (Zys%" Zest Zey Lat %) 
’ 2 Fe x 100 
2y0% "py Zev 19 FEE. 1100 -2wo% 


ate 3 2g5t2 « 
THO Gs Zor pe X100 2ygf 
h%® te 


DESCRIPTION 


POSITIVE-SEQUENCE EQUIVALENT CIRCUIT 
Expressed in Ohms Expressed in Per Cent 


ZERO-SEQUENCE EQUIVALENT CIRCUIT 


Expressed in Ohms 


Expressed wa Per Cent 


REFER TO CORRESPONDING AUTOTRANSFORMER, 


————$$________} 


STAR/STAR EXCITING. 
GROUNDED NEUTRAL, 
(erase core 
Type) 


PARTS RATIOS 
SAME AS E-14 


GAME ASE -14 SAME AS Eola 
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E-1TOE-6 
E-% GROUNDED NEUTRAL. Ste B-1. 
STAR/STAR £-2 GROUNDED NEUTRAL.3 PHASE CORE TYPE. SEE &-2. 
ASTOTRANSFORMER €-3 UNGROUNDED NEUTAAL, SEE 6-3. 
REGULATORS, E-4 TWO SERIES WINDINGS. GROUNDED NEUTRAL, SEE 8-4, _ 
E-S TWO SERIES WINDINGS. GROUNDED NEUTRAL. 3PHASE CORE TYPE. SEE 6-' 
E-6 TWO SEAIES WINDINGS. UNGROUNDEO NEUTRAL. SEE 8-6, 
: Ze 2 . 
ts . oft Za ys 
STAR / STAR AUTO Em ed's 22m0 ii hey 
WITH OELTA 
TERTIARY, 32z 
Noten Zygor (REE ZePot2s7%s- ost) +2 FEx100 
GROUNDED NEUTRA NC 
5 2 ACL bol uty u - 2 z r$(z + 2s eZ. %) 
PARTS RATIOS 2) %02 “Hes Yo Zw" n'| No eas pets Zeyty2e | 2 o%* (Zs %t Zpr st 
era BIND 26 yi, 
Gases NL onda Se [Fester- mR a te HN ene ee 
ic Z L{te2 
Zuo" Se [te les ‘wae r Isr Zo ( N Zs +231" * Zpy%) 
tn N=) 2 
Sy errata ~ MEG IZ x 100 
e-8 Zo 
STAR/STAR AUTO . ley 
WITH DELTA 
TERTIARY, 
i Zo =2 Nien, 
UNGROUNDED 0 "237 Hl 
NEUTRAL. SAME AS £-7 SAME AS E-? IgAND Eg ARE NOT TRANSFORMED, 29% *N(N*1) 257% 
. = 
PARTS RATIOS 2% tA 257% 
SAME AS €-7 
E-9 
Zr, : 
STAR SERIES, a t aaa — i — = : 5 
STAR/STAR AUTO Ej i ‘Er 2 2 og | OES E,% ° 
EXCITING. 5 
GROUNDED NEUTRAL, Nest ope None ie 
1 242 No 
PARTS RATIOS 2, he (eww u-j? 2 zps} 2, MEE (aya + TphrZes %) 207 Hz [Zowt (Nt) (i 2es +32) ] Zome FS (Zyw%t TA Zeg %) 
: 2 ay? 2 
Zi =n2z,=2ywtlN-i)? a? 2eg Wwe 1% 2 *N*Zoxfiw +(s-) 7 F205 +32¢)] 42k Fa— x 100 
Zo%* 20% 
<i t Pes 
ecto 219 200 Nw a 28 Tes 
Rolo ie. i 3 lot 'pe 
STAR SERIES, Ep Sau5 9 IEG Ey oF eZ 9! |EQ® 
STAR/STAR AUTO 
EXCITING. Na) + fe APPROXIMATE EXPRESSIONS. APPROXIMATE & XPRESSIONS 
GROUNDED NEUTRAL, { 
Zuo® 1 (n)-!) Zp + (2N fen) 2: 2m0% "SiN 5% HANEY 
(2 PHASE CORE mos [Ms (11-1) 2p ( w) 2ve | 20% "SW ?. ‘ VE, 
2 
TYPE +0 nF 2pg - ng 2 + Zag %- (N= Bw % 
) SAME AS £-9 SAME AS €-9 veers Te vw) aed 
PARTS RATIOS x UtnZog - 3 Zes 2ze Py haa) geste Bet 3 2a Be Go, 
SAME AS E-9 M3 epee t eve N Oto) Zpe% try vet N znc 
Zo lZao- lem) (Ze - bey) Zo *WN-NZy40%-N (Zve >  Zyw%) 
mals n 
y (tt Zoe = Zo Ze. x ita 2, ~ 3 Zes% 
Me ZpE ee : oe Zope etry Zve% 
tno sar [awe ae Ta Ge-Zvw) | ZHo%= $e aCe a S2vw%) 
nin Zegt (ier) Zyw ii e+ 2. eases 
* n§ Zpe +Zve | N70 ah ae Weel N70 
sc Rs 
Bolt ry th le 
STAR SERIES, Fo 
STAR/STAR AUTO Nee Tk 
eRe TING: APPROXIMATE EXPRESSION APPROXIMATE EXPRESSION 
UNGROUNDED : aeieey : ‘ng 2pp +2, Zoe ® N(NKI) yp MeL tMZPE Oy 2 
NEUTRAL. SAMENAS E> 9. AME ASE" 0 ne Zoe tlve ° ve Sra zeae 
PARTS RATIOS NOTE: Zp_ ANO 2ye ARE GO EXCEPT | NOTE:Zpp%GANO 2ye%ARE OD EXCEPT 
SAME AS E-0 FOR 3 PHASE CORE TrPE. FOR 3 PHASE CORE TYPE. 
orto 2% =abz 20% 
IgAND Eg ARE NOT TRANSFORMED. 
a__ Ze Zuo UN at ‘- Zp ZHo® ye 
€-12 z, by, ipa mt ‘ey g 3 foX 3 
STAR SERIES, 01 SZuo 9 a I 
STAR/STAR AUTO tuo Safle. WH F2N) Zan =(oyined 2Mo% BHT [ Mo Beare [ney 
EXCITING WITH 
2n 
DELTA TERTIARY, ia eee sq] + +22, * rar] zee 259 +3 Fex100 
SAME AS E-9 SAME AS E-9 
GROUNDED NEUTRAL. Zo tIN- IfEao- + LP (@eniter 2.0 % *(N-l) Zucher 52m Zer%e-Zpg % 
PARTS RATIOS <n) 2p heal +251) 
Uy a Not : o Br D 
te ON Znot ND tot HME [(2N tron) 20% 88S (Zw Zora | Ze % 
ve va No heen 
uc Ue *TFm OW 201) Zor -m2ogt A Zor] [tclyzvw test ore [etd - 
; 5 2p ; 2% ny e 
am iM i en ii A 
fe lee Ty Ty | 
STAR SERIES, Ey le, P| i ys 
STAR/STAR AUTO 
EXCITING WITH Ne ah 
OELTA TERTIARY, 2 2 ten 
fa 7 . + (N= 401 0 ~ +aaah ™, 
UNC ROUNDED SAME AS E-@ SAME AS E-9 ZotZvwt (NA +n)? 2pq Zo%M#N (N- I (ZyyPe: Zor } 
NEUTRAL. Vorlo Vanes dy 207% MSL (Beet hh Zpr %)) 
PARTS RATIOS NOTE:I9 AND Eg ARE NOT 
SAME AS E~12 TRANSFORMED, 
Raa “ 2) tN Py « 2% x Ze Nn x s, Zo% 
. Li We; Hh WF |p. Te hy J 19M 
le; Eg le 9 iE E 
STAR SERIES. See | . a is 4 [Po 0 
STAR /STAA EXCITING. Neon Nadenng Zo%s MeL (2,0, + 2—5%) 
GROUNDED NEUTRAL, i 
2 2 Ne! 2 2 <2 Zz 
nian natios 21°23 [ewe (oi) 2s} 7%" SL (aw #Zp5 3) Zo~ wa [evwt (N=1)%tos +326)] + Aout 2 x 100 
¥ . 2 o 
nN 2 =N2Z, = Zvwe (N- Zs BR 24 #N7Zo *2ywt(N-i) es #326) Vo% * Zq% 
ne —— 
a 20 Ze Na . ZL9* 20% a 
e-15 g {fe = "le, 53] igh Seg ine 
STAR SERIES, a 0 o Zao ‘a 


NSIMA2 APPROAMATE EXPRESSIONS 


Zuo "Za zest tier! Te ttve 
ged? 9 Baw] ed 26 

ZLos ine fe taectie (2ve 
-b2w)] 

Zuo ie [ Baws Seat Zeetlee (EVE 


-+ Zewl)- F200 


APPROXIMATE E neness IONS 


3 205% 
708 SN Hees Oh =I Berta [stve% 


+4 Ups %- Baw). x100 


226. 
N 2ne 


of to: 2py%e 


2LoIN- 1 fea ge fren EGER fetes 


~F Zyw%) 


20% Set [Cowes FASTA (29m, 


-+ zvw%)} -fuor 


TABLE 7 CONT’D—REGULATORS FOR PHASE-ANGLE CONTROL 


POSITIVE-SEQUENCE EQUIVALENT CIRCUIT ZERO-SEQUENCE EQUIVALBAT CIRCUIT 
DESCRIPTION DIAGRAM OF CONNECTIONS. = Gan oe 
fer . Zine ow « ZS ety ia 2% yy. . 
DELTA SERIES, | eh j Tle; 2,s| ht | WH les Ext Wet if OH leg 
STAR/STAR AUTO 
EXCITING: 
; | 30, 
GROUNDED OA 3; 
Nom fi + “By a sec x wa fi 28h, asec x 
UNGROVNDED deny} gay 
NEVTRAL, a1 Gn ot Bn 2 
UTRAL ote TAN an oc TAN ean) 29 # luz ZoM% SSEC CE TANASE 2 MeN? SINC L 
PARTS RATIOS Lal ’ a 1 
uy Sn : 2 a aby [Zw tmPIN-1) Zpg] 2, %# SINOK Cy wet Thm Teg %) 1g *Zo Za % * ax lo% © SINCE 2yy% 
oe * arenes oe Ue Zywt FINE 1) Zpg 1g AND £q ARE NOT TRANSFORMED, 
vel om 
oho * rear SIN a 
— aa 
F-2 Zu uN 
OELTA SERies, 
STAR/STAR AUTO 
EXCITING: 39 
. {i atk, = 
GROUNDED NEUTRAL, " *Ganpe eo 
DSPRASE CORE APPROXIMATE EXPRESSIONS APPROXIMATE EXPRESSIONS 
TYPE EXCITING SAME AS FI SAME AS F~1 > 
To< | (+41, 
TRANSFORMER) Zot Hf [C4MPF Zoe A 2p5] +3 Ze Zu SOTSE (2A 2g -to5%] 
(IF UNGROUNDED, EE 
. ane + 100 
SAME AS F -1) Zo SND Fe weet 
t hed! 
Zuo = ty Lz Zoe (N=) Zyo% 
PARTS RATIOS HOT yhevw AMO Lo 9 Zao 
SAME AS F >i Zyo%e* SINOC Zw o> HED 2 
| ae eae 
r-3 @ Ly «2% 
= tinal i,t 
DELTA SERIES, as ‘. _ ot al 
STAR/STAR AUTO =" | | wo ae 
by 
EXCITING WITH T ; sear 7 an - iB 1 
OELTA TERTIARY. i N \- aok, tryt ES a Zyote = COT oe (Rte Thr tps % 
GROUNDED NEUTRAL] cy Del peaaeaeg SAME AS F-t SAME AS Fei Zuo” rat +N) Zey~MZpgt pt 254] t2gr %) + eee 100 
QF UNGROUNDED, ‘sg ya 
SAME AS F- F an +b 29% * (N= 1) Zu 
: : io 
PARTS RATIOS 7 292 W-0 luo 2yo%e * SINOE ZywMe - MEL 29% 
% La tor by Zw - Mz 
oe RUA) SNS oT) is vw Zuo 
cea oe sin ox 7 
Ce" Tr 
th 
foe a Z) Nee oa a ZB sie ra a a) a < Ze% 
DELTA SERIES, elo il The Ba] 4% if 1 lem et % le Eye Xt Tost | 
STAR / STAR 5 ye 
EXCITING. 
GROUNDED OR na Vivant ngesecx ne fi +3n2nd «sec oc 
UNG ROUNDED oc a TAN! 3 Mine ea TAN rine Zo *2vw ZoMe*SECH TANG ZyyMe #N2 Zt 
NEUTRAL. 
ee erage ae | 
PARTS RATIOS qe Taw? nf ng tps) 2, % ® SINC (Zyw% +Zp3%) Zy * Zot 2vw Zo%e = a 20 Me SSINGE Zw 
Ye sue, Bring Ze mNFZ, mBywe3 meNeZps Ue Zi IgANDEg ARE NOT TRANSFORMED. 
iC Us N 4 
SIN OS | 
fos Zyy% ZS 
CELTA semies, Eg] Bova oH pas, 
stan / STAR —- 
EXCITING. 
ie 
GRO'UNOED NEUTRAL na freantng sec o< 
GO IPAASE SCORE 2wo™ 2a +2 20%" COTE Zoe + BEE x1 
= - Hv 109 
TYPE EXCITING SAME AS F-4 SAME AS Fea MON SRE SS Mo em * Ninc 
TRANSFORMER) Zo (N-) Zuo ZLo %* N-) MWmo% 
GF UNGROUNDED, (y> 4) (SE) 
SAME AS F-4) tho = dale N2MO Tyo We SINCE Zyw% ~KaD zoe 
PARTS RATIOS 
SAME AS F-4 
F-6 Zuy Zpy% Ze, 
DELTA SERIES, ee fo a 7 ee 
STAR/STAR 
EXCITING WITH 
{ 7 - 
DELTA TERTIARY, Ne Yi ean? rd ssecoc 
GROUNDED NEUTRAL, L 2 32 
"| Zyo™ Zen eZ Zyo%" Cor 
4F UNGROUNOED, SAME AS F-4 SAME AS F+a MOT N fet TN AG M0%" COTS Lor + Hye — az e100 


SAME AS F- 4) Zee N= .2y9 ZoRt(N-0 Zyo% ’ 


PARTS RATIOS 


2no* Ae tw Se Zuo Zuo SINE Zw = NEL 79% 
vy Up. Ann, 
Te "GE N 


SSINOC 


v-7 
DELTA EXCITED 
SERIES. 


PARTS RATIOS 


n= fran? = seco 


Up Ye a 
Te 8Ge TN oe 2 TAN fn Zo Zap 29% = 13 AN Z5p Tae SECO TANG Zp Jy 

osinec 2anbeL Zyp%e™ SING Zaps 2% *%p 2 Zap Zoran EOF w BOF cine Zp 

Beez % Ig ANODE g ARE NOT TRANSFORMED, 
r-a8 . 2, Ne ow a 28 gh aeh my “ Zo% ve ’ 
STAR SERIES, eft Flee esl 4% Wi low Te i | “Tgh a 
ScAsi an | Ls \ Ls  . ee ir 
EXCITING, 
GROUNDED OR Ne if +3nénd * ogee > SEC Zo*2wwt Mend zps ZoMSSECOS TAN OF (Zywe Zp5 %e) 
UNGROUNDED 
fp , ‘ 

WcUTMRL: oc a TaN! FS Aye 2y= 2% Zee eZee Ti 
PARTS RATIOS z,* rf (Zywt Fm Zp5) 2, eSiNGE (Zyy% + 2Zn5%) Tg AND Eg ARE NOT TRANSFORMED. 
Ye 9 Us = Uy, nme Zi oN2Z, Zw NF Zpg Zi Me 25% 
Ve Ve Ve N 

7SINOC# Ineo 

a, 
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DESCRIPTION DIAGRAM OF COMWECTIONS 


G-) 
WOEPENDENT SERIES, 
STAR /INOE PENDENT/ 
STAR EXCITING 
GROUNDED NEUTR 


PARTS RATIOS 


G-2 
INOE PENOENT SER 
STAR / aeedbetes 
STAR EXCITING. 
GROUNOEO NEUTRAL] 
2 PHASE CORE TYPE. 


G-3 
(NOEPEMDENT seau 
STAR / INOEPENOE: 
STAR EXCITING. 
UNGROUNDED 
NEUTRAL 


PARTS RATIO 
SAME AS G-I 


G-4 
INDEPENDENT SERIES) 
oeta/stan/ 
INDEPENDENT 
excrTiNG. 

PARTS RATIOS 
uy, ve fing Var eng 
Ye Ve Ly 

arin; 
Beogt 


Ur _ angry 
Oc ) 


G-5 


STAR ANO DELTA 
SERIES, 
STAR/STAR/STAR 
EXCITING. 
GROUNDED NEUTRAL| 
2 PHASE CORE TYPE 


PAATS RATIOS 
Wie, FiMy 
Ge" Ue “ “N 
Baur . f502Me 
Ue @ 


de yningean}ng 
Ue N 


G-8 


STAR ANO DELTA 
SERIES, 
beLTa/sTan/STAR 
AUTO EXCITING. 
PARTS RATIOS 
VT niny 

N 


uc 
Mirna 
= at 


ve Van irbeartny 
Ue N 


nz {ie yng feangng 
7! Binary 
C= TAN A, ny 


2s» te Pyweni nd 2p + andndzy] 


SAME AS Ged 


SAME AS G~T 


ne Venn)? sandn2 


n2n 
V¥Sny Ay 


ue 4 [ewe ri(antzes+nizer)] 


ec = TaN! 


Bi NEZ,» Aweng (rg Zp NF Zo9) 


Noy Genny angnd 


at 52M 
<0 TAN Tenny 


ca town tage +N 2p 
+ sndekzer| 


nays anand? vantng 
<=TaN’ ene 


ie ty [Bont ramnotfNGZr9 
+3ndnd zor] 


ZERO-SEQUENCE BQUIVALENT CIRCUIT 


a 
Ui% = NAF any [Crt+and)zyym% 


ond 2p3% 3nd zor] 


SAME AS Get 


SAME AS Got 


oc = TAN’ Pan 
nf 1 
z »-8a[ Yar? end tat + 
1 N f +0F Zw! Brent 
x(nBzpr%+30%Z05%) | 


eal it 1 lew 


ry = G[runsz® + VEN Me2vgnfle 


+ ud (n2n3zp5% 
at mraning 


+angndzers)] 


E,8| 4% j es 


stant Bau 
T+ 3Mgtg 


ae frunszwmix +VBN 2aZvey % 


"aT aatay hear 


+3ndng 2ey x) 
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aft 
N's 14 any a¥n® -angne, 


top [tw +ning ya+320)| 


ZERO- SEQUENCE AATIO DIFFERS. 


FROM POSITIVE ~SEQUENCE 


ihe 


Ne Vn, Fean gg 


APPROXIMATE EXPRESSIONS 


Expressed al 
Zen! . Ze sd 
Ble 


wathe VGonn Peon gry 


lenny 


1, %> RTT [ern 


maton 


RATIO 
+n? Zos] stab ze x00, 
a Ze 
west its Os 


APPROXIMATE EXPRESSIONS 


aes difers * nine Ing stew 20%" RE E> feo ‘nPtpe® x 
x e(ieryng) ye on? Benen, af (enn Matron) vc % tet Zea 
+B2. ~nndet+ od) +2 oa * 100 
2.0" (N-1)2us0-tina EE Zee Ba) 2uBve (N- Zug a MINEITE (Soe 8: f29} 


orate Oe 


1 faria(' 4mm} ttoertmzonl]| zac E25 yn s SERS L Be 


eee 


* AT ime Anton} lee 


(% | 


SS 2h X [21411 Qeogeengleteang) Zw 
-r1tes%]] ~ Mt ye 
a 7) —" *. Ze8 oe a 
el ele, Eyal WH ls 


APPROXIMATE EXPRESSIONS 


ob 2se+Zyw 
70° 2ve Ly PRS 


NOTE: Zyg AND Zyg ARE oo EXCEPT 


FOR 3 PHASE CORE TYPE. 


APPROXIMATE EXPRESSIONS 
ne (Gen, nsPeantnd 


Zowengn [nFoant wee 


Pee Zag %t IAT +3NF 2 
Ay Zse%t InFoand wes 


TQANO Eo ARE NOT TRANSFORMED, | NOTEIZg¢GANO Zyg RARE EXCEPT 


Zo 2 Zw +N§rd2oy 


Zo "2 


Ig ANO Ey ARE NOT TRANSFORMED, 


FOR 3 PHASE CORE TYPE, 


Ne a +anng)® sanding 
Towel nyn| fan? emf zw 


* ma torr] 


amen 


oy Zhe Nw amet a 
2,| Fe ips, nya te Za Ole 


Ne Wernyny +3andng 


APPRONIMATE EXPRESSIONS 


4 
1 1 Zee-yZes 
m0" 3R Lt OFZ etic 


ales +NyMa)Zqe +0 ENE Zag 


~ninaznw] oar 
Zio= (N=)Zmo-mins 

ne - $24) 
200 * 313 [av + 2200 


APPROXIMATE EXPRESSIONS: 


t 
in 
mOR © Tang eanyor * 
++ leh ~ ¥Za5 % 
MiAglog SH YN NGC 3NGN Ze! 


LiL) ae 
ry 


xl ennaaens 
i} 


rida}? § He X00 


MENS Zoeting | Toe * (N-!) oS 


im%- bush 
abe EN 1 ror fae 


x(2ye%-$ Zvyme%) 


Zaye ~ 22a THe" S/N IN Zam Se 2H Yo 
*ntn FETE Grimal sova)zre = af ae ies 


eh onyn, SAER RZ 
+ Bay-Pil 2a] = Tr 0 nin gta SaVningeandndzZue % 


x [2(ienins) oem oirtedranind: 
~tm3]- Stinot 


ny Ze. ‘ ny Ze% y: . 


Pa 


2o 
t= 
To 


7 Dyes + Zune +f § zen 
Zo 


ANO £9 ARE NOT TRANSFORMED 


“ 
Ole, Eye es 
nu *® ¥{1+3I +> 30 
ZoH* VIN Puma Zane 4 VSaMe Zope 


rr Bal 
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Appendix 


TABLE 9—TRIGONOMETRIC FUNCTIONS 


a a rc 


Value of function for each tenth of a degree 


Angle 
in 
degrees 


Name 


ol . 
function 


Value of function for each tenth of a degree 


0.0 


0.1 | 0.2 


0.3 


YW 


12 


13 


14 


16 


20 
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0.6669 


0.5693 
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0.8632 
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0.8941 
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0.9260 


0.6921 
0.7218 
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0.5284 
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TABLE 9—TRIGONOMETRIC FUNCTIONS—Cont’d 


SA 


Value of function for each tenth of a degree Value of function for each tenth of a degree 
Angle Name Angle Name 
4 in of in of , ~ 
earees | function | 4) | o1 [| o2/03]04]05 106) 07 | 08 | o9 | dearees | function! 9) [91] o2!]o31o4tos 0.6} 0.7)08 | 09 
sin 0. 7860|0. 767210, 7683]0. 7694|0.7705|0. 771910. 7727/0. 7738/0.7749|0. 7760 sin _0.9859/0.9664/0.9668|0. 9873/0, 9677|0. 9681/0. 9686/0. 969010969410. 9699 
50 cos _|0.5428|0. 6.414]0. 6401 |0. 638810. 6374]0. 6361]0. 6347/0.6334|0.6320/0.6307|| 75 cos 0. 2588/0. 2571/0. 2554/0. 25380. 2521/0 2504/0. 248710. 247010. 2453|0 2436 
tan |1.1918]1. 1960/1. 2002)1, 2045/1. 2088]1.2131|1.2174/1.221811.2261]1 2305 tan 3. 7321/3.7583!3. 7848/3. 8118]3 8391/3. 8667/3. 8947(3.9232/3 952013 9812 
sin 0.77710. 7782/0.7793!0. 7804]. 781540. 7826|0. 7837/0. 7848/0. 785910. 7869 sin |0.9703/0.9707/0.9711/0.9715|0.9720]0.972410.972810. 9732|0.9736|0.9740 
51 cos {0 6293/0. 6280/0. 628610. 6252|0.62390.6225|0.6211/0.619810.6184|0.6170]] 76 cos 0.241910. 2402/0. 2385/0.2368|0.235110. 233410. 231710. 2300(0.2284]0. 2267 
tan |1.2349/1. 2393] 1. 2437/1. 2492) 1.2527]1.2572|1_2617/1.2662|1.2708|1.2753 tan [4,0108]4.0408|4.0713/4. 1022|4. 133514. 1653/4. 1976/4. 2303/4 .2635|4.2972 
sin {0.7880|0. 7891/0, 7902/0. 7912|0. 7923]0. 7934/0. 7944/0. 79850.7965|0. 7976 sin |0.974410.9748/0.9751|0.975510.975910.9763/0.976710.977010.977410 9778 
52 cos |0.6157|0. 6143/0. 8129|0. 6115/0. 61010. 608810.6074/0. 6060|0.6046|0.6032|| 77 cos 10. 2250/0. 2233/0. 2215/0.219810. 218110. 216410. 2147/0. 2130/0. 2113/0. 2098 
tan |1,2799}1. 2846|1 2892/1, 2938/1. 2985]1.3032/1.3079|1.3127|1.3175]1.3292 tan |4. 3315/4. 3662/4. 4015/4. 4373|4.473714. 5107/4. 5483/4. 5864]4 6252/4. 8646 
sin |0. 7986/0. 7997/0. 8007/0. 8018/0. 802810. 8039/0. 804910. 8089/0. 807010. 8080 sin {0.9781/0.9785!0.9789/0. 979210. 979610.979910. 9803/0. 9806|0.9810|0.9813 
53 cos 0. 8018/0. 6004/0. 599010. 5976/0. 5962]0.5948)0. 5934/0. 5920\0.5906|0.5802|| 78 cos |0. 2079/0. 2062/0. 2045/0. 202810. 201110. 1994/0. 1977|0. 1959]0. 1942/0. 1998 
tan [1.3270|1.3319]1.3367|1.3416/1.3.465|1.3514]1. 3564/1. 3613|1.3663\1 3713 tan 14. 7046/4. 7453/4. 7867/4.8288]4. 8716}4.9152/4.9594)5. 0045/5. 0504/5.0970 
sin }0. 8090/0. 8100/0. $111/0. 8121/0. 81310. 8141/0.8151/ 0.8162 |0,8171/0.8181 sin |0.9816/0. 9820/0, 9823/0. 9826/0. 982910. 983310. 983610. 983910.984210.9945 
5A cos _|0.5878|0. 5864/0. 5850)0.5835|0. 58210. 5807|0.5793| 0.5779 0.5764/0.5750|| 79 cos —{0. 1908|0. 1891/0. 1874/0. 1857]0. 184010. 1822/0. 1805/0. 1788/0.177110. 1754 
tan |1.3764/1.3814]1.3865!1.3916/1. 396841 _4019|1. 4071) 1.412411. 4176114299 tan |5.1446]5. 1929/5 2429]5.2924|5 343515 395515. 448615. 5026/5. 557815.6140 
! 
sin 40. 8192/0. 8202/0. 8211/0. 8221/0. 8231]. 2.410. 825110. 8261/0. 3271/0. 9281 sin _|0.9848/0.9351]0.9854\0.9857|0. 986010. 9863/0. 9866|0. 986910. 9871/0 9874 
55 cos {0.5736/0. 5721/0. 5707|0. 5693/0. 5678)0. 5664/0. 5650/0. 5635/0.562110.5606|, 80 cos _|0. 1736/0. 171910. 1702/0. 1685/0. 166840. 163010. 163310. 1616/0. 1599|0. 1382 
tan {1. 4281/1. 4335] 1. 4388] 1.4442) 1, 4496/1. 4550/1. 4605]1. 4659/1. 4715]1.4770 tan 15.6713|5.7297/5 7994]5.8502|5.912415 .9753|6 0405/6. 1066|6. 1742/5. 2432 
sin |0.8290'0. $300/0. 8310/0. 8320|0. 83290, 833910. 834810. 8358)0. 836810. 8377 sin $0. 9877/0. 9880|0. 9882/0. 9885/0. 988810. 989010. 9893/0. 989510. 9898/0. 9900 
56 cos |. 3892/0. 5577/0. 5563/0. 5548/0. 55340. 5519|0.5503/0.5490/0.5176/0.5461|| 81 cos 0. 156410. 1547,0. 1530/0. 1513/0. 149510. 147810. 1461/0. 144410. 1426/0. 1409 
tan | 1.4826). 4892/1. 4938]1.4994)1. 305111. 5108/1. 5166|1.5224/1.5282}1.5340 tan 16.3138/6.3859|6. 4596/6. 53506.612216. 691216. 772016 854816 .9395|7 0264 
sin JO. 8387/0. 839610. $406/0. 8415/0. 842510. $434/0. 8443/0. 8453/0. 8462/0.8471 sin |0.9903]0. 990510.9907/0. 99100. 991210. 9914/0. 9917/0. 991910. 9921/0. 9923 
57 cos 0. 5446)0.5432|0. 541710. 5402/0.5388{0. 5373\0.5358|0.5344|0.5329/0.5314|| ge cos 0, 1392/0. 137.410. 1357/0. 13400. 1323[0. 1305/0. 1288/0. 1271]0. 1253/0. 1236 
tan {1.5399|1.5458/1.3517/1.5377|1.5637|1.5697|1.5757|1.5818)1.5880/1.5941 tan 171154|7.2066{7.3002|7.3962]7.494717 5958|7.6996/7. 8062/7 _9158)S. 0285 
sin _|0.$480/0. 8490/0. $4990. 8508/0. 851710. 8526/0. 8536/0. 8545/0. 8554/0. 8563 sin _[0.9925]0. 9928/0.9930/0. 9932/0. 993410. 993610. 9938/0. 994010. 9942/0. 9943 
58 cos {0.5299|0. 5284/0. 527010. 525510. 5240(0. 5225/0. 5210|0.5195/0.518010.5165|| 83 cos |, 1219/0. 1201/0. 1184/0. 1187/0. 1149]0. 1132/0. 1115/0. 109710. 1080/0. 1083 
tan [1 6003/1, 6066/1 .6128/1.6191/1.5255]1.6319/1.6383|1.6447|1.6512]1. 6577 tan |8_ 1443/8. 2636/3. 396318. 5126/8. 6427|8.7769/8.9152|9.0579|9 205219 3572 
sin |0.8572/0.8581!0. 8590/0. 3599/0. 860710. 8616|0. 8625/0. 8634/0. 8643/0, 8652 sin |0.9945]0.9947/0.994910. 9951/0. 9952{0, 9954/0. 9956/0.995710.9959|0.9960 
59 cos —|0.5150!0. 5135/0. 5120)0. 510510. 50900. 5075/0. 5060|0.504510.503010.5015|| 84 cos |0. 1045/0. 1028/0. 1011/0. 0993/0 ..097610. 0958/0. 0941/0. 0924/0, 0906/0. 0889 
tan {1664311670011 .6773]1 6842/1. 6909]1.6977|1.7045]1.7113/1.7192]1.7251 tan 19 5144/9. 6768/9 $448) 10. 019/10, 199110. 385|10. 579|10. 780|10..988/ 11.205 
sin 0. 8660|0. 8669/0, 3678/0. 8686/0. 8695|0. 8704/0. 871210. 872110. 8729/0. 8738 sin 10.9962/0.9963|0. 9965/0. 9966|0. 996810. 996910. 9971|0.9972/0 9973/0. 9974 
60 cos —|0.5000|0. 4985/0. 4970|0. 4955/0. 493910. 4924/0. 490910. 489410. 4879/0. 48631| 85 cos —_|0. 0872/0. 0854/0. 083710.0819|0.0802|0.0785|0.0767/0 0750/0.0732/0. 0715 
tan |1.7321]1.7391]1.7461]1.7532|1.7603(1.7675/1.7747|1.7820|1. 7893/1. 7966 tan 11, 430/11,665)11 909/12. 163/12. 429112. 705]12. 996/13. 300|13. 617/13. 951 
sin |. 874610. 8755|0.8763|0.8771/0.8730|0. 8788|0. 8796/0. 8805/0. 8813/0. 821 sin _|0.9976/0. 997710, 9978|0. 997910. 99800. 9981/0. 9982/0. 9983/0. s984/0. 9985 
61 cos |. 4848'0. 4833|0. 4818|0. 4802/0. 478710. 477210. 475610.4741/0.4726\0.4710|| 86 cos |. 0698/0. 0880'0. 0863/0. 0645)0 0528|0.0810|0. 0593/0. 0576/0. 0558/0. 0541 
tan {1.8040/1.115]1.$190/1. 8265/1. 83.4111 .8418] 1. 8495/1. 8572/1. $650}1 8728 tan 114. 301/14. 889115 .056|15. 464|15. 805]16.350| 16. 932|17.343|17. 886/18. 463 
sin }0. $829/0. 8838/0, 8846,08854|0. 8862[0, 8870/0. 8878/0. 8886|0. 8894/0. 8902 sin _|0.9986|0. 9987/0. 9988/0.9989!0. 999010. 9990/0. 9991/0. 999210. 9993/0. 9993 
62 cos |. 4695/0. 4679/0 46640. 4648/0. 463310. 4617/0. 4602|0.458610.487110.4553|| 87 cos 0, 0523/0. 0506/0 0488/0. 0471/0. 0454|0.0436/0.0419|0.0401/0. 0384/0036 
tan {1 $807|1.8887]1.8967)1.9047/1.9128|1.9210|1.9292/1.9375|1.9458)1.9542 tan |19.081}19.740/20. 447/21. 205]22.022|22. 904/23. 850/24, 898)26 031/27 972 
sin |0.8910/0.8918]0. 892610. 8934/0. 894210. 8949/0. 8957/0. 8965/0. 907310.8980 sin _|0.9994]0.9995:0. 999510. 9996/0. 999610. 9997/0. 9997/0. 9997/0. 9998/0. 998 
63 cos |) 4540/0. 4524/0. 4509'0. 4493/0. 447810. 446210. 4446/0. 443110 4415|0.4399]| 3g cos |0.0349|0. 0332/0. 031410. 0297/0. 027910. 0262|0. 0244/0. 0227/0.0209|0 0192 
tan |1.9626]1.9711]1.9797|1_9883/1. 997012. 0057/2. 0145/2. 0233|2 0323|2.0413 tan |28.636/30. 145131. 821/33. 694/35. 801/38. 189| 40.917] 44. 066/47. 740152. 081 
sin 0. 8988/0. 8996/0. 9003/0.9011!0. 9018]0. 9026/0. 9033/0. 9041/0, 904810. 9056 sin 0.999810. 999910. 9999]0. 999910. 9999}1.000 |1.000 11.000 |1.000 11.000 
64 cos {0 4384/0. 4368/0. 4352\0. 4337/0. 432110. 4305/0. 4289/0. 427410. 4258/0. 4242/1 gq cos |0.0175'0. 0157/0. 0140|0. 0122'0. 0105]0. 0087|0. 007010. 005210. 0035|0.0017 
tan ]2.0503/2-0594|2.0686/2.0778)2.0872|2.0965/2. 1060/2. 1155/2. 1251/2. 1348 tan |57.290163.857|71.615|81. 847/95. 490{114. 50/143. 24/190. 98/286. 48/572.96 
sin 0. 906310. 9070|0.9078/0. 9085/0.9092]0.9100|0.9107/0.9114/0.9123|0. 9128 
65 cos 0. 4226(0. 421010. 419510. 417910. 4163]0.4147|0. 4131/0. 4115/0. 4099/0. 4083 
tan ]2.1445/2.1543]2. 1642/2. 1742/2. 1842]2° 1943/2. 2045/2. 214812. 2951/2. 2355 
sin |0.9135/0.9143/0,9150{0. 915710.9164]0. 9171/0. 9178/0. 9184/0.9191/0.9198 
66 cos —_{0. 4067/0. 4051/0. 4035|0. 401910. 4003]0. 3987/0. 3971/0. 3955/0. 3939|0.3923 
tan |2. 2460/2. 2566/2. 2673|2.2781]2.2889]2 2998/2. 3100/2. 3220/2. 3332/2. 3.445 
sin 0.92050. 9212/0. 921910. 9225/0. 9232/0. 923910. 9245/0. 925210. 9259/0. 9265 
67 cos |. 3907/0. 3891/0. 3875|0. 3859|0.3843|0.3827/0.3811/0.379510.3778|0.3762 
tan |2.3559|2.3673|2.3789]2. 3906/2. 402312 .4142|2. 4262/2. 4383/2. 4504/2. 4627 : 
Law of sines 
sin |0.9272/0.9278]0. 928510. 9291/0. 9298]0..930410.9311/0.931710.9323/0.9330 
68 cos |0.3716|0.3730|0. 3714/0. 3697/0. 3681]0.3565\0. 3649|0. 3633/0.3616|0. 3600 b 
tan |2.4751|2_ 4876/2. 5002|2. 5129/2. 525712538612. 5517/2. 5649/2. 5782125916 a. __ 6 
. =a ee 
sin |0.9336/0.934210. 9348/0. 9354]0.936110. 9367|0.9373|0.9379'0.9385/0. 9301 Sin A Sin B Sin C 
69 cos |0.3584:0.3567|0. 3551/0.3535|0.351810.350210. 3486/0. 346910.3453/0. 3437 
tan }2. 6051/2. 6187/2. 6325/2. 6484|2.6605]2.674612 6889/2. 7034/2. 717912. 7326 
sin {0.9397/0. 9403/0. 9409/0.9415/0.9421 Jo. 942610.9432/0.943810.9444]0.9449 
70 cos $0. 3420/0.3404|0.3387/0.3371/0.3355|0.3338|0 3322/0. 3305/0.3280|0.3272 
tan 42.7475)2.7625|2.7776|2. 792912. 8083]2.8239|2. 8397/2. 8556|2.8716|2. 8878 
sin }0.9485/0. 9461/0. 946610. 947210. 9478]0.9483/0.9489|0.9494/0. 950010. 9505 Law of cosines 
71 cos |. 3256/0. 3239/0. 322310. 3206/0.3190]0.3173|0.3156|0.3140/0.3123|0.3107 
tan }2.9042/2,9208)2.9375)2.9544/2.971412. 9887/3 0061/3 .0237|3 0415/3. 0595 a@=b'+c?—2 bc Cos A 
sin 10. 9511/0. 9516/0. 9521/0. 9527/0. 9532/0. 9537|0.954210.9548|0, 955310. 9558 
72 cos |. 3090/0. 3074/0. 3057}0. 3040/0. 3024]0.3007/0. 2990/0. 2974|0. 295710. 2940 
tan {3.0777/3. 0961/3. 1146/3. 1334|3. 1524/3. 171613. 1910/3. 2106|3. 2305/3 2508 
sin 0. 9563/0. 9568]0.9573|0.9578|0.958310.9588]0.959310.9598]0.9603 10.9608 
73 cos {0, 2924/0. 2907/0. 2890/0. 2874/0. 285710. 284010. 282310. 280710. 2790|0.2773 
tan {3.2709)3.2914/3 3122/3. 3332/3 3544|3 3759/3 3077|3.419713 442013. 4646 
sin |0.9613|0.9617|0.9622/0.9627/0. 963210. 9636/0.9641/0.9646/0.9650/0.9655 
4 cos —_|0.2756!0. 2740/0. 2723/0. 2706|0.2689|0. 2672/0. 2656/0. 2639/0. 262210 2605 
tan |3. 4874/3. 5105/3. 5339/3. 5576/3 .5816|3 .6059|3 630513 .6554|3.6806/3 7062 


Appendix 


TABLE 8—EXPONENTIAL FUNCTIONS 67? 


0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
0 1.00000 0.99005 0.98020 0.97045 0.96079 0.95123 0.94176 0.93239 0.92312 0.91393 | 
0.1 0.90484 0.89583 0.88692 0.87810 | 0.86936 0.86071 0.85214 | 0.84366 | 0.83527 0.82696 
2 0.81873 0.81058 0.80252 0.79453 0.78663 0.77880 0.77105 0.76338 | 0.75578 0.74826 
3 0.74082 | 0.73345 | 0.72615 | 0.71892 | 0.71177 0.70469 6.69768 | 0.69073 | 0.68386 | 0.67706 
4 0.67032 0. 66365 0.65705 0.65051 0.64404 0.63763 0.63128 | 0.62500 0.61878 0.61263 
5 0.60653 0.60050 | 0.59452 0.58860 | 0.58275 0.57695 0.57121 0.56553 0.55990 0.55433 
6 0.54881 0.54335 0.53794 0.53259 | 0.52729 0.52205 0.51685 0.51171 0.50662 0.50158 
7 0.49659 0.49164 0.48675 0.48191 0.47711 0.47237 0.46767 | 0.46301 0.45841 0.45384 
8 0.44933 0.44486 0.44043 | 0.43605 0.43171 0.42741 0.42316 | 0.41895 | 0.41478 0.41066 
9 0.40657 0.40252 0.39852 0.39455 | 0.39063 0.38674 0.38289 0.37908 0.37531 0.37158 
1.0 0.36788 0.36422 0.36059 0.35701 0.35345 0.34994 0.34646 0.34301 0.33960 0.33622 
1.1 0.33287 0.32956 0.32628 0.32303 0.31982 0.31664 0.31349 0.31037 0.30728 0.30422 
1.2 0.30119 0.29820 0.29523 0.29229 | 0.28938 0.28650 0.28365 0.28083 0.27804 0.27527 
1.3 0.27253 0.26982 0.26714 0.26448 | 0.26185 0.25924 0.25666 0.25411 0.25158 0.24908 
1.4 0. 24660 0.24414 0.24171 0.23931 0.23693 0.23457 0. 23224 0.22993 0.22764 0.22537 
1.5 0.22313 0.22091 0.21871 0.21654 | 0.21438 0.21225 0.21014 0.20805 0.20598 0.20393 
1.6 0.20190 0.19989 0.19790 | 0.19593 | 0.19398 0.19205 0.19014 0.18825 0.18637 0.18452 
1.7 0.18268 0. 18087 0.17907 0.17728 | 0.17552 0.17377 0.17204 0.17033 0. 16864 0. 16696 
1.8 0.16530 | 0.16365 0. 16203 0.16041 0.15882 0.15724 0.15567 | 0.15412 0.15259 0.15107 
1.9 0.14957 0.14808 0.14661 0.14515 0.14370 0.14227 0. 14086 0.13946 0.13807 0.13670 
2.0 0.13534 0.13399 0. 13266 0.13134 0.13003 0.12873 0.12745 0.12619 0.12493 0.12369 
2.1 0. 12246 0.12124 | 0.12003 0.11884 | 0.11765 0.11648 0.11533 0.11418 | 0.11304 0.11192 
2.2 0.11080 0.10970 | 0.10861 0.10753 0.10646 0.10540 0.10435 0.10331 0.10228 0.10127 
2.3 0.10026 0.09926 | 0.09827 0.09730 | 0.09633 0.09537 0.09442 0.09348 0.09255 0.09163 
2.4 0.09072 0.08982 0.08892 0.08804 | 0.08716 0.08629 0.08543 0.08458 0.08374 0.08291 
2.5 0.08208 0.08127 0.08046 | 0.07966 | 0.07887 0.07808 | 0.07730 | 0.07654 | 0.07577 0.07502 
2.6 0.07427 0.07353 0.07280 0.07208 | 0.07136 0.07065 0.06995 0.06925 0.06856 0.06788 
2.7 0.06721 0.06654 0.06587 0.06522 | 0.06457 0.06393 0.06329 0.06266 0.06204 0.06143 
2.8 0.06081 0.06020 0.05961 0.05901 0.05843 0.05784 0.05727 0.05670 0.05613 0.05558 
2.9 0.05502 0.05448 | 0.05393 0.05340 | 0.05287 0.05234 0.05182 0.05130 0.05079 0.05029 
3.0 0.04979 0.04929 0.04880 | 0.04832 | 0.04783 0.04736 0.04689 0.04642 0.04596 0.04550 
3.1 0.04505 0.04460 | 0.04416 0.04372 | 0.043828 | 0.04285 0.04243 0.04200 0.04159 0.04117 
3.2 0.04076 | 0.04036 | 0.03996 | 6.03956 | 0.03916 | 0.03877 0.03839 | 0.03801 0.03763 0.03725 
3.3 0.03688 0.03652 0.03615 0.03579 0.03544 | 0.03508 0.03474 0.03439 0.03405 0.03371 
3.4 0.03337 0.03304 | 0.03271 0.03239 0.03206 | 0.03175 0.03143 0.08112 0.03081 0.03050 
3.5 0.03020 0.02990 0.02960 0.02930 | 0.02901 0.02872 0.02844 0.02816 0.02788 0.02760 
3.6 0.02732 0.02705 0.02678 | 0.02652 | 0.02625 0.02599 0.02573 0.02548 0.02522 0.02497 
3.7 0.02472 | 0.02448 | 0.02423 | 0.02399 | 0.02375 0.02352 0.02328 | 0.02305 0.02282 0.02260 
3.8 0.02237 0.02215 0.02193 0.02171 0.02149 0.02128 0.02107 | 0.02086 0.02065 0.02045 
3.9 0.02024 | 0.02004 | 0.01984 | 0.01964 | 0.01945 0.01925 0.01906 | 0.01887 0.01869 0.01850 
4.0 0.01832 0.01813 0.01795 0.01777. | 0.01760 | 0.01742 0.01725 0.01708 0.01691 Q. 01674 
4.1 0.01657 0.01641 0.01624 0.01608 | 0.01592 0.01576 0.01561 0.01545 0.01530 0.01515 
4.2 0.01500 0.01485 0.01470 0.01455 | 0.01441 0.01426 0.01412 0.01398 0.01384 0.01370 
4.3 0.01357 | 0.01343 0.01330 0.01317 0.01304 0.01291 0.01278 0.01265 0.01253 0.01240 
4.4 0.01228 0.01216 0.01203 0.01191 0.01180 0.01168 0.01156 0.01145 0.01183 0.01122 
4.5 0.01111 0.01100 0.01089 0.01078 0.01067 0.01057 0.01046 0.01036 0.01025 0.01015 
4.6 0.01005 0.00995 0.00985 0.00975 0.00966 0.00956 0.00947 0.00937 0.00928 0.00919 
4.7 0.00910 0.00900 0.00892 0.00883 0.00874 0.00865 0.00857 0.00848 0.00840 0.00831 
4.8 0.00823 0.00815 0.00807 0.00799 0.00791 0.00783 0.00775 0.00767 0.00760 0.00752 
4.9 0.00745 0.00737 0.00730 0.00723 0.00715 0.00708 0.00701 0.00694 0.00687 0.00681 
5.0 0.006742) as eae i ee dll Se tects alt= I tetas CL ot etienlgen Ill Sot ee SNe eines. 4): heen anette 
EXTENSION TABLE A* 
x 0.001 0.002 0.003 0.005 0.006 0.007 0.008 0.009 
e-? 0.99900 0.99800 0.99700 0.99601 0.99501 0.99402 0.99302 0.99203 0.99104 


EXTENSION TABLE B* 


0.0001 


0.0002 


0.0003 


0.0004 


0.99990 


0.99980 


0.99970 


0.99960 


*General Formula: ¢~ @+74+7a) = (¢~%)(¢~ 4) (¢7 78) 


Example: en 0.1365 _. (¢7 0-13) (_~ 9.008) (0.0005) 
= (0.87810) (0.99402) (0.99950) = 0.87241 


0.0005 
0.99950 


0.9940 


0.0006 


0.0007 


0.0008 


0.0009 


0.99930 


0.99920 


0.99910 
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Supervisory-Control Circuit—See 
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Induction. ............ 753 to 756 
Supply Line Faults............. 692, 707 
Surge 
Admittance................02. 524 
Capacitance................... §24 
Crest Ammeter................. 553 
Front Recorder................ 554 
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Impedance............ 280, 281, 524 


Impedance Loading... .280, 281, 479 
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in Parallel........00..00..0004. 533 
Inductance................0... 524 
Integrator..................... 555 
Paper Gaps for Measuring...... .553 
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Method............. 632, 633 
Protective Devices for... ...636 
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Method................. 634 
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Bushings.................. 620 
Chopped Wave............. 619 
Testing Atmospheric Conditions, 

Effect of... 0.0... 0. .0..00.0005. 

Testing Equipment............. 613 


Testing— Rod Gaps and 
Insulation, Flashover 
Characteristics of... .. 615 to 619 
Testing Transformers, Standard 


Impulse Tests for........ 619, 620 
Testing Volt-Time Curves....... 614 
Testing Wave Shape............ 613 
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Voltage Theory............ 511, 512 

Surge Impedance............... 280, 281 
Surge Impedance Loading........... 479 
Typical Values............. 280, 281 


Swing Curves, See Angle-Time Curves 
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Switching Surges................... 627 
Field Test Data................ 517 
Laboratory Test Data... .513 to 516 
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Symbols 
Equipment................005. 291 
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Windings..............00000 00, 293 
Symmetrical Components— Chap. 2... 12 
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Delta Currents................. 16 
Delta Voltages................. 15 
Direction of Current Flow....... 22 
Example of Fault Calculation 27 to 29 
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Line and Delta Currents........ 19 
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Mutual Coupling Between 
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Symmetrical Components (continued) 
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Impedance 
Aerial Lines........... 33 to 40 
Cables..... 67, 72 to 74, 79 to 84 
Cables in Parallel... ... 84 to 94 
Relationship of Line-to-Line and 
Line-to-Neutral Voltages. ..... 18 
Resolution of Unbalanced Three- 
Phase Currents............... 15 


Resolution of Unbalanced Three- 
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Components............... 14, 15 
Sequence Filters.......... 373 to 376 
Sequence Networks............. 21 
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Three-Phase Power............. 20 
Unbalance Factor.............. 15 
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Vector Diagram................ 15 
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Cable..... 67, 74 to 77, 79 to 84 
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Transformers.......... 138, 139 
Synchronizing Bus Arrangement. . .9, 656 
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Constants. ...............00005 183 
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Current Limiting in............. 224 
Effect on Flicker........... 734, 735 
LOSSES 3 6 Ou sce ry dts 4s yctade ae ay 255 
Shunt Capacitors versus... .255, 256 
Shunt Capacitors with.......... 256 
Synchronous Converters, Wave 
Shapes nos. csc aa edi eee eteeeare 761, 772 
Synchronous Generator—See 
Synchronous Machines 
Synchronous Machines 
Angle, Internal. . . 148, 149 
Capacitance to Ground. ..185, 186 
Change in Excitation....... 165, 172 
Effect Upon Short 
Circuit.............. 169, 170 
Graphical Method of 
Determining............. 171 


Machine and Infinite Bus... .168 
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Load............. 169 to 171 
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Constants................. 183 
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Effect on Flicker....... 734, 735 
Constants for Stability 
Problems.............. 172 to 175 
Armature Resistance........176 
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Representation of Machine. .175 


Constants—Summary Table..... 189 
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COS Grief ted cc tees itty aise Seman ye Md 190 


Damper Windings—See 
Damper Windings 

D-C Component of Armature 
Current. ose ee ee 155 


Drop in Terminal Voltage with 
Sudden Application of Load. . .172 
Excitation, High Speed Effect on 


Terminal Voltage........ 171, 172 
Field Protection................ 349 
First Turbo-Unit in U.S......... 2 
Flicker Due to Generators....... 72) 
Flicker Due to Motors...... 728, 725 
“Follow-Up Method”........... 167 
Grounding................ 655, 656 


Grounding—Surge Protection... .659 
Grounding— Transient 
Voltages... 0. ....0..0.. 517 to 521 
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Studies............. 446, 461, 488 
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Reactance Grounding........... 620 
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Relay Protection of............. 348 
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Synchronous-Reactance 


Method................... 448 
Sub-Synchronous Resonance..... 261 
Sudden Application of Load 168 to 170 
Surge Protection....... 638, 639, 659 
Synchronous Condenser Losses. . .255 
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Under Capacitive Loading..... 179 

Voltage Drop with High: Speed 
Excitation. ; 171, 172 
Voltage, Internal (e i), ae ee 149 
Wave Shape............... 759, 772 

Zero Power Factor Regulation 
Curve... 0.0... eee eee 150, 151 


Synchronous Motor 
Characteristic for Rapid and Slow 
Load Changes................ 725 
Light Flicker..................724 
Synchronous Reactance— ‘See 
Synchronous Machines 
System Grounding— Chap. 19—See 
Grounded Systems........0....00..4. 643 
System Oscillation—See Stability — 
Power System 


T to Pi Conversion................. 306 
Tap changing Mechanisms 
Ss NAb gh Na P teadecet cremate cut 121 
URS manna Paes edie hare tas ceed ea 2 ca 
TD atest ek teeth week ina oh ec tals Uta 
Tap Changing Under Load. .121, 122, 696 
Telegraph Circuits, Cross Fire in..... TAL 
Telegraph Systems~-See also Low- 
Frequency Coordination 
Coordination with Power 
Systems............741, 745, 777 
Telemetering................ 430 to 432 
Impulse Duration vs. Impulse Rate.405 
Power-Line Carrier......... 405, 406 
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Frequency Response.......... 779 
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Power Level................. 718 
Sensitivity................0.. 778 
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Tie Feeders........... 689, 692, 699, 700 
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Subtransient................... 155 
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Tower Top Potential Due to 
Lightning.............0..... 581, 584 
Transfer Admittance................ 332 
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Ambient Temperature.......... 113 
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Balancing..................... 714 
Banking....................00. 683 
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Cooling...............00.4. 105, 106 
Coenen, Effects on. 761 
Core Form................ "104, 105 
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Circults..........20...... 139, 140 
Dielectric Tests................ 107 
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Performance................. 288 
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Efficiency Chart................ 102 
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Four Winding................ 137 
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Harmonic Content. . .126 
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Forced Air Cooled.... 106, 133 
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Four Winding............. 137, 188 
Grounding Transformers... .120, 121 
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Harmonics, Effects of........... 761 
Hot-Spot Temperature.......... 111 
Hottest-Spot Copper Gradient. . 113 
Hysteresis Losses............... 126 
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Impedance............. 98,100, a 
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Tron Losses................ 102, 103 
Lightning Protection............ 115 
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Relaying. ................... 353 
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No Load Losses................ 126 
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Oil Immersed, Self Cooled....... 105 
Overload Capacity....... 112 to 115 
Parallel Operation.......... 130, 131 

Three Winding............... 181 
Percent Impedances......... 98, 144 
Phase Shift In................. 297 
Polarity Markings.......... 106, 107 
Portable Substation............. 116 
Power, CSP... 00... eee. 630 
Primary Network.............. 696 
Reactance Tolerances........... 99 
Regulating, Relaying........... 353 
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Angle Control..........122 to 124 
Regulation................ 100, 101 
Regulation Chart............... 100 
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Relay Protection for............ 352 
Remote Trip for Faults.........354 
Resistance-Grounded Systems. . 651 
Secondary Network. 104, 706 
Sequence Equivalent Circuits 138, 139 
Shell Form................ 104, 105 
Short-Circuit Currents..........109 
Short-Time Overloads...........114 


Single Phase Versus Three Phase. 105 
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Temperature During Variable Load 112 
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Zero-Sequence Impedance. . .188, 139 
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Power System 
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Charging Kva.................. 280 
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Long Lines............ 266, 267 
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Protective Angle........... 579, 592 
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Transmission Line (continued) 
Voltage Regulation of 
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Reflections.................... 526 
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